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Leveraging mature silicon fabrication processes to create sophisticated optical circuitry,
the field of silicon photonics is poised to revolutionize a range of photonic applications,
from high-speed communications to state-of-the-art quantum information processing. His-
torically, however, silicon photonics has lacked a number of silicon-based technologies for
crucial photonic components, including lasers, amplifiers, and non-reciprocal devices. Thus,
as the field expands in scope, there is a pressing need to develop silicon-based device physics
to shape, amplify, and route light on-chip.

As a strong and highly tailorable optical nonlinearity, stimulated Brillouin scattering is
uniquely suited to these emerging chip-scale technologies. Only through the recent devel-
opment of suspended optomechanical silicon waveguides, which simultaneously guide both
light and elastic waves, has it been possible to achieve stimulated Brillouin scattering (SBS)
utilizing a process called forward SBS. However, new strategies are necessary to adapt the
nontrivial dynamics of forward SBS—which intrinsically couples Stokes and anti-Stokes
processes—to laser, amplifier, and non-reciprocal device physics.

In this dissertation, we manipulate the dynamics of the forward Brillouin process by
engineering elastic-wave-mediated coupling between distinct optical spatial modes, in a
process called stimulated inter-modal Brillouin scattering. Due to distinct phase-matching
conditions that arise from two spatial modes, inter-modal Brillouin scattering yields a form
of phase-matching-induced symmetry breaking that intrinsically decouples the red-shifting
Stokes (phonon creation) process from the blue-shifting anti-Stokes (phonon annihilation)
process, resulting in single-sideband gain. Through the development of high-Q (2.5 x 10°)
multimode racetrack resonators, we harness inter-modal SBS to demonstrate Brillouin lasing

in silicon for the first time. This flexible inter-modal Brillouin laser concept avoids the need



for on-chip isolators and circulators, offers control over cascading dynamics, and enables size
and frequency scalability in ways that are not possible with traditional backward-Brillouin
lasers. We also show that this laser exhibits an unusual combination of spatial and temporal
dynamics, in which optical self-oscillation produces acoustic linewidth narrowing.

Using this device concept, we also demonstrate resonantly enhanced Brillouin amplifica-
tion, yielding record-high Brillouin gain and amplification in a silicon photonic circuit. By
operating just below the laser threshold, we are able to transform the modest gains (~ 3.5
dB) possible in linear waveguide systems into more than 30 dB of Brillouin gain in silicon.
Moreover, we show that due to phase matching, the Brillouin gain is inherently unidirec-
tional, yielding ~ 30 dB of non-reciprocity without insertion loss in an all-silicon device.
Operating this system above the laser threshold, we demonstrate high-coherence injection
locking dynamics in a Brillouin laser. This system permits lock ranges up to 1.8 MHz
while simultaneously reducing low-frequency phase noise by ~ 70 dB. We find that injec-
tion locking in this system is also intrinsically unidirectional, demonstrating that the laser
emission is distinctly impervious to unwanted back-scatter. We demonstrate this physics
with devices fabricated using both academic electron-beam lithography and CMOS-foundry
photolithography using the MESA facilities at Sandia National Laboratories. These results
pave the way toward mass-manufacturable Brillouin-based technologies in silicon photonics.

Using Hamiltonian-based models in conjunction with the fluctuation-dissipation theo-
rem, we analyze the spatio-temporal dynamics of these Brillouin systems and identify impor-
tant performance metrics for new technologies. We find that the noise figure and linewidth of
Brillouin-based amplifiers and lasers are fundamentally determined by the phonon occupa-
tion of the system. In this context, the ability to cool traveling-wave phonons that mediate
these Brillouin processes is essential to control noise and dissipation within Brillouin-based
technologies.

Here, we experimentally demonstrate such optomechanical cooling in a continuous sys-
tem for the first time through the phase-matching-induced symmetry breaking of sponta-
neous inter-modal Brillouin scattering. Within these silicon optomechanical waveguides,
we show that this form of cooling is possible without the use of an optical cavity or dis-

crete acoustic modes. Due to the wavevector-selective nature of this process, we show that



this form of cooling is orders of magnitude stronger than previously predicted, allowing us
to reduce the temperature of traveling-wave phonons by more than 30 degrees from room
temperature. This physics opens the door to strategies for controlling noise and dissipation
within a range of important Brillouin-based systems.

Looking forward, we show how these Brillouin-based technologies could be further en-
hanced and manipulated by operating at mid-infrared wavelengths (> 2.1 pm), where both
two-photon absorption (TPA) and TPA-induced free-carrier absorption vanish. The fa-
vorable loss properties in this wavelength range may permit orders of magnitude larger
Brillouin couplings, admitting new regimes of laser, amplifier, and optomechanical cooling
dynamics. We report our progress towards this nonlinear optical physics, both in terms of
the devices and experimental apparatus, and show that many of these demonstrations are

now within reach.
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3.1 Inter-modal Brillouin laser device concept and operation scheme. (A) Dia-
gram of laser cavity (not to scale) with pump and Stokes waves indicated
diagrammatically. The Brillouin laser geometry is comprised of a multimode
racetrack cavity with two Brillouin-active regions (dark gray). Pump light
(blue) is coupled into the antisymmetric spatial mode of the racetrack res-
onator via a single-mode bus waveguide (directional coupler). Within the
racetrack straights, a SIMS-active phonon mediates energy transfer from the
pump wave (antisymmetric waveguide mode) to the Stokes wave (symmet-
ric waveguide mode). (B) Idealized dispersion relations for the two optical
modes and (C) the Brillouin-active elastic mode of the waveguide. This
system supports a phase-matched interaction in which pump light with fre-
quency wp and wavevector k, (plotted as an open circle to indicate initial
state) scatters to the Stokes wave with frequency ws and wavevector ks (final
state indicated by a closed circle). Here, the Brillouin-active phonon vector
defined by (¢(€2),2) must connect the initial and final optical state coordi-
nates. As highlighted by the red no symbol, this phonon, once excited cannot
mediate the anti-Stokes process as there is no optical dispersion relation that
can satisfy phase matching. (D) and (E) illustrate SIMS energy transfer in
the Brillouin-active racetrack straight where an acoustic phonon mediates

pump depletion and Stokes growth. Reproduced from Ref. [96]. . . .. ..
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3.2 Passive optical properties of multimode silicon resonator. (A-C) Idealized
transmission spectrum for the multimode ring cavity in the case when (A)
pe = 0, (B) 1 = 0, and (C) pe > p1 > 0. (A) Transmission spectrum
produced by the symmetric waveguide mode (Ai). Cavity resonances are
indexed by the letter n (Aii), according to the resonance condition (Aiii).
(B) Transmission spectrum produced by the antisymmetric mode (Bi), with
cavity resonances indexed by m (Bii). The resonance condition for this mode
is given in (Biii). (C) Idealized transmission spectrum in the case of non-
zero coupling to both waveguide modes. Due to the different loss rates of the
two optical spatial modes, broader (narrower) resonant features correspond
to the antisymmetric (symmetric) resonances of the racetrack system. (Cii)
Brillouin lasing requirements are met by injecting pump light (of power Pp)
into an antisymmetric cavity mode that is separated in frequency from a
symmetric cavity mode by the Brillouin frequency (i.e., wi* — w} = Q).
Adapted from Ref. [96]. . . . . .. .. .. 46

3.3 (A) Cascading dynamics of a conventional backward Brillouin laser, where
pump and Stokes fields counter-propagate within the same optical spatial
mode of the resonator waveguide. Except in the case of large higher-order
dispersion, meeting the Brillouin condition with one pair of optical resonances
implies that the Brillouin condition is also satisfied for successively redshifted
resonances. Thus, above a certain threshold condition, BSBS lasers will
produce cascaded energy transfer to many Stokes sidebands. By contrast,
our inter-modal Brillouin laser concept (B) allows us to control and suppress
unwanted cascaded through multimode engineering. Here, the second Stokes

order is not supported by a cavity mode, preventing cascaded energy transfer. 48
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3.4

3.5

(A) Diagram of the silicon Brillouin laser cavity with relevant dimensions
(not to scale). As diagrammed, the Brillouin-active regions are composed
of continuously-suspended photonic-phononic waveguides supported by an
array of nano-scale tethers (see slotted waveguide sections). Panel (B) shows
a cross-section of the suspended Brillouin-active waveguide segment while (C)
plots the laser cross-section near the racetrack bends (where the multimode
waveguide is not suspended). The presence of the oxide undercladding has
negligible impact on the guidance of the optical modes, but does not permit
phononic guidance around the bends. (Di) Dimensions of the suspended
Brillouin-active waveguide. (Dii) Strain profile e**(z,y) of the 6 GHz Lamb-
like acoustic mode that mediates the inter-modal Brillouin scattering process.
(Giii) and (Giv) plot the z-directed electric field profiles (E®) of the TE-like

symmetric and antisymmetric optical modes, respectively. Adapted from

(Left) Image of typical Brillouin laser chip. Brillouin laser devices are fabri-
cated on standard single-crystal silicon-on-insulator wafers. Coin juxtaposed
to show scale. (Right) Series of optical micrographs with different magnifica-
tions, highlighting the large range of scales of this system. The total resonator
dimensions in this system can exceed 4 cm, in contrast to the micron-scale
Brillouin-active waveguide. Note that the slight contrast in coloration reveals

the suspended regions of the device. . . . .. .. ... ... ... ......
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3.6 (A) Heterodyne apparatus used for laser spectroscopy. Continuous-wave
pump light (Agilent 81600B, linewidth = 13 kHz) is (1) amplified and coupled
on-chip to initiate Brillouin lasing and (2) and used to create a frequency-
shifted (+44 MHz) local oscillator (LO) using an acousto-optic modulator
(AOM). The optical beat note between the emitted Stokes light and opti-
cal LO is detected by a fast photodiode, and its spectrum is recorded by
a radio frequency spectrum analyzer. EDFA: erbium doped fiber amplifier;
PD: photo-detector. Panel (B) plots theory and experiment for the output
laser power vs. input pump power, with a clear laser threshold of 10.6 mW.
Intracavity pump powers are estimated using the transmitted pump power
and the detuning from resonance (w}), while intracavity Stokes power is
determined from the measured bus Stokes power and comparison with the
theoretical model. (C) Heterodyne spectra the linewidth-narrowed intracav-
ity laser emission above threshold compared with the spontaneous Brillouin
scattering spectrum (multiplied by 107), demonstrating a linewidth narrow-
ing factor of approximately 103. The spontaneous spectrum determines the
intrinsic Brillouin gain bandwidth (13.1 MHz) and is obtained from the linear
waveguide of the same cross section as the laser waveguide. From Ref. [96].

Reprinted with permission from AAAS. . . . . . ... .. ... .. ...,
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3.7 Two methods used to measure the phonon linewidth. (A) Diagrams the stan-

3.8

dard heterodyne spectroscopy apparatus to measure the phonon linewidth,
where the linewidth given by the FWHM of the heterodyne spectrum. (B)
Subcoherence self-heterodyne apparatus used to probe the phonon dynamics
at higher output Stokes powers (see Section 3.5). The phonon linewidth is
determined by measuring the fringe contrast or coherence between output
Stokes and pump waves, yielding the blue data points in panel (C). (C) Ex-
perimental and theoretical comparison of pump-Stokes beat note (or phonon)
linewidth as a function of peak Stokes spectral density. Below threshold we
use the standard heterodyne spectroscopy (dark red data points). At higher
powers, this measurement becomes resolution bandwidth limited. For this
reason, we use the sub-coherence self-heterodyne technique which yields the
blue data points (error bars represent the 95% confidence interval). Using
this method, we measure a minimum phonon linewidth of ~ 800 Hz (See
Section 3.5). From Ref. [96]. Reprinted with permission from AAAS.

(A) Diagram of self-heterodyne interferometer. The first arm of the interfer-
ometer provides a delay (of time 74) while the second arm frequency shifts
the light using an acousto-optic frequency shifter (AOM). The two waves
are combined and the beat note is detected with a fast photodiode (PD).
(B) Self-heterodyne spectrum of the Agilent 81600B diode laser with a delay
length of 48.25 m, revealing a linewidth of 15 kHz. From Ref. [96]. Reprinted

with permission from AAAS. . . . . . . ... Lo o oo
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3.9

3.10

(A) Series of theoretical spectra demonstrating the effect of phonon phase
noise on the self-heterodyne measurement. As the phonon linewidth in-
creases, the fringes lose contrast. (B) Comparison of the self-heterodyne
spectrum using the Brillouin laser as the frequency-shifter (Fig. 3.7) with
the traditional spectrum using an AOM as the frequency-shifter (Fig.3.8A).
Identical delay lengths are used in each experiment. (C) Theory-experiment
comparison in the most sensitive portion of the spectrum to the phonon
linewidth. Note that there is some residual phase noise that reduces the
contrast of the fringes from the 0 Hz theoretical trend (evident from the
spectra using the AOM as the frequency shifter). We attribute this noise to
small variations in the delay arm of our fiber interferometer. From Ref. [96].
Reprinted with permission from AAAS. . .. .. .. ... ... ... .. ..
Heuristic illustration of the noise characteristics of the silicon Brillouin laser.
(A) Diagram illustrating the noise properties of a Brillouin laser operating
above threshold in the standard dissipation hierarchy where (i) the Brillouin
gain bandwidth (or phononic decay rate, I') is much larger than the cavity
linewidth (v) of the optical resonator. In this limit, Brillouin lasing pro-
duces optical linewidth narrowing of the Stokes wave, resulting in the optical
spectrum plotted in (ii), where the Stokes wave linewidth is narrow com-
pared to that of the pump wave. (iii) diagrams a heterodyne measurement
of the optical beat frequency between these two waves, which inherits the
noise of the pump laser. This results in a noisy beat note with a linewidth
approximately equal to the pump wave linewidth (iv). (B) Diagram showing
the noise properties of this silicon Brillouin laser operating above threshold.
(i) In this regime the dissipation hierarchy is inverted (I' << 7). As a re-
sult, Brillouin lasing produces phonon linewidth narrowing, and the Stokes
becomes a frequency-shifted copy of the pump, giving the optical spectrum
plotted in (ii). As a result, heterodyne detection produces a clean beat note
(iii) that directly reflects the phonon power spectrum (iv). From Ref. [96].

Reprinted with permission from AAAS. . . .. ... ... ... .. .....
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3.11 Pictorial representation of the distinct spatial and temporal dynamics ex-

4.1

hibited by this Brillouin laser.(A) Spatial dynamics. We find that while
the optical fields are able to freely propagate around a cm-scale cavity, the
phonon field dies rapidly (~ 60 pm) in space. Since this system has optical
feedback and no phonon feedback, it produces optical self-oscillation. (B)
Temporal dynamics. In time, this decay hierarchy is reversed. The phonon

lives much longer in time, leading to phonon linewidth narrowing. . . . . .

(A) Simplified resonantly enhanced device concept with amplification dy-
namics given by Eq. 4.2. (B) Total amplification (see Eq. 4.3) as a function
of normalized gain (yYg/7ot). For simplicity, here we take the case when
7% = YA + 8. (i)-(iv) give 4 distinct cases as the gain is increased. (i) In the
absence of gain, the resonator yields net loss given by the linear transmission
through the system. (ii) When the gain is able to compensate for the internal
losses of the resonator (i.e., g = i), the system yields unity transmission;
this is the point of net amplification. (iii) As the gain is increased, we are
able to achieve large degrees of amplification below the laser threshold. (iv)

Beyond the laser threshold, the system begins to self-oscillate. . . . . . ..
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4.2 (A) Device concept for resonantly enhanced inter-modal Brillouin amplifica-

tion. Leveraging the frequency selectivity of the racetrack cavity, pump (wp)
and and signal waves (ws) are coupled into the antisymmetric and symmet-
ric cavity modes, respectively, via a coupler A (mode-specific coupler MC2).
As the pump and signal waves traverse the Brillouin-active segments, the
pump wave resonantly amplifies the signal wave through stimulated inter-
modal Brillouin scattering. The signal wave exits the system through a
mode-selective coupler (MC1) (coupler B;drop port), which is designed to
couple strongly to the symmetric mode and weakly to the antisymmetric
mode (see Fig. 4.3). (B) Schematic illustrating the cross-sectional geome-
try of the Brillouin-active regions, as developed in Chapter 2. (C) Idealized
optical transmission spectra of the multimode racetrack cavity at the thru
and drop ports. Coupling into the racetrack resonator via a multimode cou-
pler yields a characteristic multimode transmission spectrum at the thru
port, with broad (centered at wf') and narrow (centered at w}) resonances
corresponding to the antisymmetric and symmetric optical spatial modes,
respectively. Resonantly-enhanced Brillouin amplification measurements are
performed by coupling the pump wave (wp) to an antisymmetric cavity mode
(wh*) and sweeping the signal wave (ws) through a symmetric cavity mode
(w?) that is red-shifted from by the Brillouin frequency (Q2g). (D) Zoomed-
in transmission spectrum for the signal wave exiting the drop port when
ws ~ wi with (active) and without (passive) the Brillouin gain supplied by

the pump wave. Adapted from Ref. [97]. Copyright (2019) by OSA.
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4.3

4.4

(A)-(B) Mode-specific coupler designs. (A) Mode-specific coupler 2 (MC2)
is a multimode coupler that is designed to couple strongly to the antisym-
metric waveguide mode and weakly to the symmetric. To do this, we use a
bus waveguide (of width w') whose effective index (n) matches that of the
antisymmetric waveguide mode (of width w). (B) Mode-specific coupler 1
(labelled MC1) is designed to couple preferentially to the symmetric waveg-
uide mode. It consists of a bus waveguide (of width w“) whose antisymmetric
spatial mode experiences a non-zero phase delay relative to that of the anti-
symmetric mode of the racetrack waveguide. By contrast, this perturbation
leaves the symmetric modes nearly degenerate in effective mode index, per-

mitting mode-specific coupling. Adapted from Ref. [97]. Copyright (2019)

(A)-(B) Linear (thru) transmission spectra centered around two distinct
mode pairs that satisfy the Brillouin condition (w} = wi* — Q). Nar-
row (broad) resonances correspond to the symmetric (antisymmetric) spatial
modes of the multimode waveguide. Fits are obtained using the multimode
ring resonator theory presented in the Supplementary Materials of Ref. [95].
(C) Transmission spectra measured at the thru and drop ports over a larger

wavelength range. Reproduced from Ref. [97]. Copyright (2019) by OSA.
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4.5

4.6

(A) Brillouin-heterodyne spectroscopy setup used to characterize resonant
Brillouin amplifier. Tunable telecom-band laser light is split along two paths.
One path is used to synthesize an optical local oscillator (LO) using an
acousto-optic modulator (AOM), which blue-shifts the light by A = 27 x 44
MHz. The other arm synthesizes pump and signal waves with the desired
frequency detuning (2 = wp — ws) and powers using an intensity modulator
(IM), erbium-doped-fiber amplifier (EDFA), and variable optical attenuator
(VOA); the light is subsequently coupled on-chip for nonlinear amplifica-
tion measurements. After passing through the device, the signal wave is
coupled through the drop port and off-chip, where it is combined with the
blue-shifted LO and measured on a high-speed photodetector (PD 1). The
RF spectrum analyzer, in conjunction with the RF signal generator, sweeps
the detuning (Q) and measures the microwave power at (Q + A), permit-
ting single-sideband measurements of ws = wp —  (without crosstalk from
light at wp + ). (B) Gain spectra as a function of signal-wave detuning
around the Brillouin resonance, showing more than 30 dB of gain and 20 dB
of net amplification. Each trace represents a different estimated detuning
of the optical cavity mode relative to the Brillouin frequency (see zoomed-
out inset). Large optical cavity detunings relative to the Brillouin resonance
diminish the degree of amplification and result in characteristic asymmetric
line-shapes. (C) Optical micrograph (in gray scale) showing a top-down view
of part of the device. Adapted from Ref. [97]. Copyright (2019) by OSA.

(A) Resonantly enhanced Brillouin amplification produced over a range of in-
tracavity powers. As the pump power approaches the laser threshold power,
the resonantly enhanced Brillouin amplification increases dramatically. Data
is compiled from a series of power, microwave-frequency detuning, and wave-
length sweeps. Theory trend is obtained from Eq. 4.8. (B) Linewidth nar-
rowing of the gain bandwidth as a function of signal wave amplification.
Theory is also obtained from Eq. 4.8. Adapted from Ref. [97]. Copyright
(2019) by OSA. © . o o o
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4.7 Non-reciprocal optical amplification measurements. (A) Diagram of the ex-

perimental apparatus used to characterize the non-reciprocal nature of the
resonantly enhanced Brillouin amplifier. Laser light is split along three paths.
The first (top) is used to generate a pump wave of a desired optical power,
which is subsequently coupled on-chip. The second arm synthesizes the sig-
nal wave with the desired frequency detuning ( = wp — ws) using an in-
tensity modulator (IM). Finally, the third creates an optical local oscillator
(LO) using an acousto-optic modulator (AOM), which blue-shifts the light
by A = 44 MHz. An optical switch directs the signal wave light on-chip such
that it either co- or counter-propagates with the pump wave within the res-
onator. After passing through the device, the signal wave is coupled through
the drop port and off-chip, where it is combined with the blue-shifted LO
and measured on a high-speed photodetector (PD 1). EDFA: erbium doped
fiber amplifier; VOA: variable optical attenuator; PC polarization controller.
(B)-(C) illustrate energy and phase-matching conditions imposed by the op-
tical and acoustic dispersion relations. In this diagram, the dark green arrow
represents the frequency and wavevector of the phonon that mediates stim-
ulated inter-modal Brillouin scattering, while the dotted light-green arrow
shows the phonon that would be required to mediate amplification in the
backward direction, which is not supported by the acoustic dispersion rela-
tion. Thus, the elastic wave that mediates forward stimulated inter-modal
Brillouin scattering does not mediate a backward scattering process. Repro-

duced from Ref. [97]. Copyright (2019) by OSA. . . .. ... ... .. ...
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4.8 Non-reciprocal Brillouin amplification. (A) Experimental arrangement for
directional amplification. Pump and signal waves are injected through re-
spective multimode (top) and mode-specific (bottom) couplers such that
they co-propagate (forward direction) within the resonator. This configu-
ration allows pump and signal waves to nonlinearly couple through a stim-
ulated forward inter-modal Brillouin process, yielding net amplification of
the signal wave. (B) By contrast, a signal wave propagating in the oppo-
site (backward) direction, does not experience Brillouin gain as a result of
phase matching; the elastic wave that mediates forward inter-modal scatter-
ing is not phase-matched to the backward-scattering process. Thus, in this
backward configuration, the signal wave experiences net loss resulting from
linear transmission through the resonator. (C) Experimental demonstration
of unidirectional amplification. Signal transmission through the system in the
forward (red; co-propagating with the pump) and backward (gray; counter-
propagating with the pump) directions as a function of signal frequency de-
tuning Q/27. This system yields a maximum 28 dB of non-reciprocity (with
a FWHM of 350 KHz) and provides > 10 dB of isolation over a 2.5 MHz
bandwidth. Adapted from Ref. [97]. Copyright (2019) by OSA. . . . . . .. 103
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5.1

5.2

(A) Optical micrograph of inter-modal silicon waveguide fabricated with San-
dia’s MESA CMOS foundry process. (B) Nonlinear laser spectroscopy setup
used to measure inter-modal Brillouin gain. A telecom-band laser (wyp) is used
to create an amplified pump (upper path), frequency-shifted signal (middle
path), and optical local oscillator (LO) (lower path). Amplified signal wave
is combined with the LO and detected with a high-speed photo-receiver. IM:
intensity modulator; EDFA: erbium-doped fiber amplifier; AOM: acousto-
optic modulator; PD: photo-detector. (C) Peak gain produced by stimulated
inter-modal Brillouin scattering as a function of pump power. Here, the
length of the Brillouin-active waveguide is 6.1 mm. These results correspond
to a fitted SIMS Brillouin gain coefficient of Gg = 879.1 W—im™!. (D) SIMS
gain spectrum at a pump power of 54 mW. Theory trend is a Lorentzian fit
tothedata. . . . . . . . . . . e
(A) Optical micrograph of forward intra-modal silicon waveguide fabricated
with Sandia’s MESA CMOS foundry process. (B) Nonlinear laser spec-
troscopy setup used to measure dual-sideband intra-modal Brillouin gain.
A telecom-band laser (wp) is used to create an amplified pump and signal
as well as an optical local oscillator (LO) using an acousto-optic modulator
(AOM). The amplified signal wave is combined with the LO and detected
with a high-speed photo-receiver. IM: intensity modulator; EDFA: erbium-
doped fiber amplifier; AOM: acousto-optic modulator; PD: photo-detector.
(C) Power sweep measuring the peak dual-sideband gain produced by forward
intra-modal stimulated Brillouin scattering. The theory trend corresponds to
a Brillouin gain coefficient of Gg = 2191.2 W™ Im™!. (D) Brillouin gain spec-
trum demonstrating more than 4 dB of dual-sideband gain (2 dB of actual

Brillouin gain), along with a Lorentzian fit. . . ... .. ... ........
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5.3

5.4

(A) Optical micrograph of photonic-phononic emit receive (PPER) device
fabricated with Sandia’s MESA CMOS process. (B) Schematic illustrating
the transverse geometry of the PPER structure. ‘Emit’ and ‘receive’ waveg-
uides are labelled, but in principle, both optical waveguides can function
as either the ‘emit’ or ‘receive’. (C) Experimental setup used to charac-
terize PPER response. Intensity modulated light from laser 1 (we) is cou-
pled into the ’emit’ waveguide, while light from laser 2 (oscillating at wy)
is coupled into the receive waveguide. A portion of the light from laser 2
is directed to an acousto-optic modulator to resolve red- and blue-shifted
sideband produced by Brillouin-induced phase modulation. IM: intensity
modulator; EDFA: erbium-doped fiber amplifier; AOM: acousto-optic mod-
ulator; PD: photo-detector. (D) PPER response over a range of more than
6 GHz. (E) Zoomed-in resonance at 4.35 GHz. Panel B reproduced from
Ref. [25]. . . . o e
(A) Optical micrograph of two multimode Brillouin resonators fabricated
with with Sandia’s MESA CMOS foundry process. The overall circumfer-
ence of these devices (5.1 mm) is nearly an order of magnitude smaller than
that of the devices described in Chapter 3. Moreover, these new devices
are interfaced with 2 additional mode-specific couplers, bring the total to
3. (B)-(C) Optical cavity spectra, revealing a characteristic multimode fea-
tures. The broad (narrow) cavity resonances correspond to the antisymmetric
(symmetric) waveguide mode. (C) Zoomed-in spectra of a symmetric mode
cavity resonance. These devices demonstrate superb loss properties, main-
taining symmetric mode Q-factors of around 2 million despite the significant
reduction in footprint and addition of new couplers. We also demonstrate ro-
bust (B) Brillouin lasing and (E) resonantly enhanced amplification in these

CMOS-fabricated systems. . . . . . . .. .. ..o
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5.5

5.6

(A)-(D) Four possible device concepts for integration within active silicon
photonic circuits. The active portions are those that retain the oxide cladding
while the remainder is exposed to the HF wet etch. The ability to fabricate
suspended Brillouin structures with active silicon photonics allows us to inter-
face modulators (such as a single-sideband (SSB) modulator [141]) with (A)
linear and (B) resonantly enhanced Brillouin amplifiers. (C) With these ac-
tive circuits, we can add new degree of control such as integrated heaters [142]
and carrier sweeping [143]. (D) Integrated heaters can allow us to tune the
Brillouin resonance in situ through the thermal-elasticity of silicon. This
new control would allow us to compensate for the effects of inhomogenous
broadening for significantly enhanced performance. .. ... .. ... ...
Active silicon photonic GDS layout with multimode Brillouin resonators.
The layer structure is given in the top right. The devices can be controlled
by the array of aluminum pads situated toward the bottom of the device.
(Top) Zoomed-in GDS of laser resonator with integrated heater (left) and

p-i-n carrier sweeping regions. . . . . . ... ... o e e e
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6.1 (A) Scheme for injection-locked operation of Brillouin laser. Couplers A

and B (MC1) couple to the cavity modes produced by the symmetric opti-
cal spatial mode w} while coupler C (labelled MC2) is designed to couple
primarily to the antisymmetric cavity modes, as described in Chapter 2.
(B)-(C) Optical micrographs (gray scale) of the (A) inter-modal Brillouin
waveguide and (B) resonator geometry. (C) Optical micrograph (gray scale)
of the interface between the racetrack cavity and couplers B (MC1) and C
(MC2). (C) Idealized transmission spectrum produced by the antisymmet-
ric waveguide mode (dashed blue; thru port of coupler C) and symmetric
waveguide mode (red; input at coupler A, output at coupler B). Efficient
laser oscillation of the symmetric cavity mode w] occurs when the pump
wave is tuned to an antisymmetric cavity mode that satisfies the Brillouin
condition (wp = w§® = wi +p). Laser oscillation of the symmetric mode we
can be phase and frequency locked by injecting a seed of sufficient power at
frequency ws that falls within the lock range we +6/2. We determine the lock
range experimentally by sweeping the signal frequency through the natural
laser emission frequency wp — Q. Reproduced from Ref. [98]. Copyright
(2020) by APS. . . . o



6.2 (A) Laser spectroscopy apparatus used to demonstrate and characterize in-

6.3

jection locking. Telecom laser light from a tunable external cavity diode laser
(Agilent 81600B) is split along three paths. Along the top path, an acousto-
optic frequency shifter is used to generate an optical LO of frequency wp + A,
where A = 44 MHz. Light routed to the bottom path passes through an
erbium-doped fiber amplifier (EDFA) and variable optical attenuator (VOA)
such that pump light of a desired power can be delivered on chip, while the
middle path uses an intensity modulator to synthesize a seed at ws = wp — {2
Optionally, the seed can be directly synthesized as a sideband of the pump
wave, as in the case of the measurements presented in panels Bi-iii and in
Fig. 6.4. In this case, we do not use the middle path. Fiber-optic switches
and couplers route the light on and off chip through grating couplers that
interface the desired ports of the system. Light exiting the chip is combined
with the optical LO and detected using a high-speed photo-receiver for het-
erodyne spectroscopy. IM: intensity modulator; EDFA: erbium-doped fiber
amplifier; AOM: acousto-optic modulator; PD: photo-detector; VOA: vari-
able optical attenuator. (B) Measured (top) and simulated (below) injection-
locking dynamics at three different seed powers ((i) 0.4 pW, (ii) 2.6 pW,
(iii) 17 uW), along with corresponding coupled mode simulations (below).
Note that the capture range expands with increasing seed power, and that
Brillouin-mediated four-wave-mixing can occur as the seed approaches the
lock range we £48/2. Details of the stochastic simulations are given in Section
6.3.1. Reproduced from Ref. [98]. Copyright (2020) by APS.. . . . . .. ..
Phase noise (given by Eq. 6.25) as a function of offset frequency with typi-
cal operating parameters. Note that injection locking produces phase noise
reduction over the entire lock range. This phase noise is reduced as the seed

power is increased. Reproduced from Ref. [98]. Copyright (2020) by APS. .
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6.4

6.5

(A) Optical heterodyne spectra (RBW=100 Hz) of the injection locked Bril-
louin laser emission at various seed powers (detected at PD1; the local os-
cillator is the transmitted pump). The phase noise over a broad spectrum
is monotonically reduced as the signal power is increased. Relative to phase
noise produced by a typical 1 kHz spectrum (dotted dark red) of a free-
running Brillouin laser [95], we achieve > 50 dB of phase noise suppression
from 10 Hz to 50 kHz (in dBc/Hz). (B) Zoomed-in heterodyne spectrum
(RBW=1 Hz) of the injection-locked laser. Phase noise reduction is most
dramatic at low offset frequencies. (C) Phase noise at 30 kHz as a function
of seed power, demonstrating good agreement with the theoretical trend (Eq.
6.25) derived in Section 6.3.2. See Appendix A.2 of Ref. [98] for more details.
Reproduced from Ref. [98]. Copyright (2020) by APS. . . .. ... ... ..
Heterodyne power spectrum revealing single-sideband emission with large
anti-Stokes and pump suppression. We note that the Brillouin laser is not
injection locked for these measurements. The inset diagrams the optical
tones that produce three distinct microwave signals at Qp + A, Qp, and
Qp — A, where A is the offset frequency of the optical local oscillator (LO).
In this heterodyne configuration, emitted Stokes radiation interferes with the
frequency-shifted LO to produce a beat note at 2+ A (red). Note the char-
acteristic fringes of the sub-coherence spectrum that arise from a small delay
between the signal and LO, as we saw in Section 3.5 (see also Refs. [95,164]).
The Stokes and anti-Stokes light can also interfere with residual pump light
to produce a beat note at g (black), while the anti-Stokes light beating
with the optical LO yields a tone at Qg — A (blue). From this spectrum, we
observe record-large 49 dB of anti-Stokes suppression. Taking into consider-
ation the strength of the optical LO, this spectrum also demonstrates nearly
50 dB of pump suppression relative to the intracavity pump power, thanks to
the performance of the mode-specific couplers. Reproduced from Ref. [98].

Copyright (2020) by APS. . . . . .. . . ..
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6.6 Experimental demonstration of non-reciprocal laser dynamics through in-

7.1

7.2

7.3

jection locking. (Ai) Operation scheme for injection locking in the forward
direction. The seed is coupled into the resonator such that it co-propagates
with the pump and self-oscillating Stokes mode. (Ali) Experimental den-
sity plot demonstrating injection-locking in the forward direction. (Bi) Seed
light is injected in the backward direction such that it counter-propagates
with the light in the cavity. (Bii) Experimental density plot demonstrating
back-scatter immunity. In this case, the laser emission is unaffected by the

presence of the seed. Reproduced from Ref. [98]. Copyright (2020) by APS.

Linear (non-resonant) Brillouin amplifier. Panel (A) diagrams the Brillouin
amplification and noise processes. (B) Net amplification as a function of
pump power and detuning from the Brillouin resonance (with Gg = 400
Wlm™! 2=01m, a=6m™} v, =7x 10" ms™!, @ =27 x 10 GHz, and

I' = 27 x 15 MHz). (C) optical noise figure (relative to the zero-point optical

141

background), given by Eq. 7.22 with the same parameters used in panel (B)). 149

(A) Detailed balance within an optical resonator. (B) Coupler 1, coupler 2,
and the internal losses of the resonator each contribute vacuum noise in a
way that is consistent with the fluctuation-dissipation theorem. . . . . ..
Resonant Brillouin amplifier. Panel (A) diagrams the Brillouin amplification
and noise processes. (B) Net amplification as a function of pump power and
detuning from the Brillouin resonance (with Gg = 400 W—'m~!, L = 0.015
m, v =y = 27 x 90 MHz, @ = 6 m™!, vy = 7x 107" ms™!, = 27 x 10 GHz,
and I' = 27 x 15 MHz). (C) optical noise figure (relative to the zero-point
optical background), given by Eq. 7.43 with the same parameters used in

panel (B)). . . . . ..
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74

7.5

7.6

8.1

Out-of-band noise figures for (A) linear and (B) resonant Brillouin amplifiers.
Dashed lines correspond to data that is shown in 1-D plots on right. Note that
the out-of-band noise figure can be less than unity, indicating that the out-
of-band signal-to-noise ratio can improve through the amplification process.
Plots are generated from Eq. 7.47 and 7.48 with parameters given in captions
of Fig. 7.1 and 7.3. . . . . . . . . e
(A) Simple RF-photonic link composed of a phase-modulator (PM), optical
local oscillator, and high-speed receiver (PD). (B) Modified RF-photonic link
with resonantly enhanced Brillouin amplifier. . . . ... ... ... ... ..
Calculated (A) RF link gain (Eq. 7.59) and (B) noise figure (Eq. 7.61) of an
RF photonic link with a resonant Brillouin amplifier (depicted in Fig. 7.5B)
with Rp = Ry = 50 Q, p? = 0.5, P. = 20 mW, V; = 0.3 V, and P o = 0.5
mW, and n = 0.95. Dashed lines correspond to data that is shown in 1-D

plotsonright. . . . .. . . .

(A) Inter-modal Brillouin system used to demonstrate continuum optome-
chanical cooling. Probe light (green) of frequency wyp is coupled into the
symmetric spatial mode of a Brillouin-active silicon waveguide through an
integrated mode multiplexer (M1). This light interacts with forward- and
backward-propagating thermal phonon fields, which produce spontaneous
Stokes (red) and anti-Stokes (blue) light in the antisymmetric waveguide
mode, respectively. An integrated mode multiplexer (M2) then demulti-
plexes the scattered light for spectral analysis. (B) depiction of the mul-
timode optomechanical waveguide structure. Panels (Cii) and (Ciii) plot
the z-polarized component of the TE-like symmetric (ET(z,y)) and anti-
symmetric (E¥(z,y)) simulated mode profiles, respectively. (Civ) shows the
simulated strain profile (¢**) of the 6-GHz elastic mode that mediates spon-
taneous inter-modal scattering. This is same antisymmetric Lamb-like elastic
wave that mediates amplification and lasing in Chapters 2-6. Adapted from

Ref. [99]. Copyright (2018) by APS. . . . ... ... ... .. .. ......
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8.2

8.3

(A)-(B) 2-dimensional representation of the energy conservation and phase-
matching conditions for the (A) Stokes and (B) anti-Stokes process. (C)
Acoustic dispersion relation and wavevectors of the distinct forward- and
backward- propagating phonons that participate in the spontaneous Stokes
and anti-Stokes process, respectively. (D) diagrams illustrating the basic
interaction and spectrum produced by the (i) Stokes and (ii) anti-Stokes
process. The spectral width of each sideband reveals the lifetimes of the
phonons that phase-match to each process. (E) Spontaneous inter-modal
Brillouin scattering reduces the thermal occupation (n(q)) of phase-matched
backward-propagating phonons while increasing that of the phase-matched
forward propagating phonons. This process pushes the average momentum

of the thermal bath of phonons out of equilibrium, yielding net phonon flux

in the forward direction. Adapted from Ref. [99]. Copyright (2018) by APS.

Spontaneous inter-modal Brillouin measurements. (A) Experimental scheme
used to probe and modify the phonon dynamics. A CW telecom laser (vac-
uum wavelength of 1535.5 nm) is used to synthesize a strong probe wave (up-
per arm) and a 44-MHz blue-shifted optical local oscillator (using an acousto-
optic modulator (AOM)) for heterodyne detection (lower arm). The probe
wave intensity is controlled using an erbium-doped fiber amplifier (EDFA)
and a variable optical attenuator (VOA) before being coupled on-chip. Scat-
tered Stokes and anti-Stokes light is coupled off chip and combined with
the blue-shifted optical local oscillator (LO), which allows us to discrimi-
nate between the Stokes and anti-Stokes sidebands. (B) a series of Stokes
and anti-Stokes heterodyne spectra at four distinct probe powers. Note the
power-dependent asymmetry between the Stokes and anti-Stokes spectra in
both the peak spectral density and spectral width. (C) shows the relative
scattering efficiencies of the Stokes and anti-Stokes processes (and respective
phonon occupations) as the probe power is increased. Adapted from Ref. [99].

Copyright (2018) by APS. . . . . . . . . ...
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8.4

(A) fitted linewidths of the Stokes and anti-Stokes spectra as a function
of probe power, together with the theoretical trends obtained from Section
8.3. The temperature is also estimated using the model derived in Section
8.3. These measurements reveal that the collective lifetime of the anti-Stokes
phonons is reduced while that of the Stokes phonons is enhanced. At a max-
imum probe power of 42 mW, this asymmetry in spectral width corresponds
to more than 30 K of cooling/heating from room temperature. (B) plots the
peak spectral density of these spectra as a function of probe power. As a
first order benchmark, the observed scattering efficiencies for the Stokes and
anti-Stokes process are approximately 3.3 x 1078, in agreement with the pre-
dicted value (3.15 x 10~8) for spontaneous forward Brillouin scattering [75].

Adapted from Ref. [99]. Copyright (2018) by APS. . . . . ... ... .. ..
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8.5

(A) Experimental setup for wavevector-resolved phonon spectroscopy involv-
ing two, tunable CW lasers—labeled the probe laser (indexed by superscript
(1)) and the pump laser (indexed by superscript (2)). The probe laser is
used to measure the dynamics of the acoustic states that satisfy the phase-
matching condition given by the probe wavelength, while the pump laser is
used to modify the phonon dynamics. Here, we again use an optical local
oscillator discriminate between the spontaneous sidebands of the probe and
the pump, as shown in Panels (Ai-ii). Since the optical LO (blue-shifted
44 MHz by the AOM) is synthesized from the probe source, the heterodyne
Stokes and anti-Stokes signals centered at (Qp + A MHz and 23 — A MHz,
respectively) originate entirely from the spontaneously scattered probe light.
EDFA: erbium-doped fiber amplifier; AOM: acousto-optic modulator; PD:
photo-detector. (B) Difference in Stokes and anti-Stokes phonon dissipation
rates (spectral widths of the Stokes and anti-Stokes sidebands produced by
the probe laser) as a function of probe wavelength while the pump wave-
length remains fixed at )\1(,2) = 1535.6 nm. Each data point represents the
difference between Stokes and anti-Stokes dissipation rates at a pump power
(P1§2)) of 30 mW, obtained by fitting the measured spectral widths over a
series of 10 different pump powers. The theoretical trend obtained from Eq.
8.28 is superimposed. The phonon wavevector is calculated from the effective
phase and group indices of the two optical spatial modes supported by the
silicon waveguide, and the anti-Stokes phonon occupation is estimated by a
comparison with the spatio-temporal theory. (Bi) Example spectra (of the
probe sidebands) when the probe wave is not phase-matched to the same
acoustic states as the pump wave. In this case, the dissipation rates for
the Stokes and anti-Stokes phonons remain constant as the pump power in-
creases. (Bii) Example spectra (of the probe sidebands) when the probe wave
is phase-matched to the same group of phonons as the pump wave. Here, in-
creasing the pump power enhances the dissipation rate asymmetry (see also
Appendix D). These data reveal that the pump wave reduces the phonon
occupation over a narrow band of phonon wavevectors, with a bandwidth

given by Aq = 2.78/L. Adapted from Ref. [99]. Copyright (2018) by APS.
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8.6 Additional pump-probe measurements. (Ai)-(Aii) plot the dissipation rates
and relative phonon occupations salient effects of a strong pump wave on
the probe spectra when the pump is within the phase matching bandwidth
(/\1()2) = 1535.6 nm, )\g) = 1535.53 nm). When this phase-matching condition
is satisfied (i.e., the pump wave is interacting with the same band of phonon
wavevectors), we observe that the anti-Stokes (Stokes) probe spectra experi-
ences linewidth broadening (narrowing) as fhe pump power is increased (see
panel (Ai)), revealing that the pump wave coherently modifies the lifetimes
of the Stokes and anti-Stokes phonons. Panel (Aii) plots the ratio of Stokes
to anti-Stokes power (proportional to the ratio of phonon occupations) as a
function of total on-chip power and the theoretical trend from the expected
change in Stokes and anti-Stokes phonon occupations. Panel (Bi)-(Bii) plots
the spectral widths and relative powers of the Stokes and anti-Stokes light
(along with associated theoretical trends) when the pump wave is not phase-
matched to the phonons interacting with the probe wave ()\9 = 1537.3 nm,
)\1(31) = 1535.53 nm). We observe that the spectral widths and ratio of Stokes
to anti-Stokes powers remains constant as a function of pump power, which
is consistent with the theoretical trend (black). Note that the constant dis-
sipation rate asymmetry is due to the presence of the probe wave. Adapted

from Ref. [99]. Copyright (2018) by APS. . .. ... .. ...........
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9.1 (A) estimated nonlinear propagation loss at telecom (blue) and mid-infrared

(red) wavelengths. For the telecom (1.5 pm) wavelengths, two-photon-absorption

(TPA) and TPA-induced free-carrier-absorption loss coefficients are taken
from Ref. [29]. For mid-infrared wavelengths, three-photon-absorption (3PA)
and 3PA-induced free-carrier absorption are estimated from bulk 3PA z-scan
measurements [189] and free-carrier lifetimes in our silicon waveguides [29].
(B) Estimated small-signal (1 nW) Brillouin amplification in the presence of
linear and nonlinear propagation loss within a 2-cm silicon Brillouin waveg-
uide at telecom (blue) and mid-infrared (red) wavelengths. These estimates
suggest that at telecom wavelengths, the available Brillouin gain plateaus to
a maximum value of 15 dB—in sharp contrast to nearly unlimited Brillouin

amplification possible using high-power mid-infrared light. . ... ... ..
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9.2 Experimental scheme for high-power nonlinear spectroscopy in the mid-infrared.

We circumvent the lack of mid-infrared sources, modulators, and detectors
using nonlinear wave mixing to convert between telecom and mid-infrared
wavelengths. (i) Telecom light preparation and detection. We shape the
spectral content of telecom light for nonlinear laser spectroscopy using a
combination of amplifiers, modulators, and attenuators. Combined with 990
nm pump light (ii), the telecom-band light (1540 nm) is used to synthesize
high-fidelity mid-infrared light (2772 nm) through difference frequency gener-
ation (DFG), as shown in sub-system (iil). Mid-infrared light is subsequently
amplified by a two-stage, custom-made erbium-doped fluoride fiber amplifier
(iv), which can boost ~ 0.1 mW mid-infrared signals to a level of more than
4 W. Amplified mid-infrared pump light is coupled, through grating cou-
plers, onto a silicon chip, which may possess a range of Brillouin-photonic or
other nonlinear optic devices. Light exiting these devices is then converted
back to telecom-band frequencies through difference frequency generation (vi)
for high-speed telecom-light detection (i). Our experimental strategy com-
bines the advantages of mature telecom-band photonic devices with high-
power mid-infrared optics to achieve large and highly controlled nonlinear
couplings. EDFA: erbium-doped fiber amplifier; IM: intensity modulator;
VOA: variable optical attenuator; PPLN: periodically poled lithium niobate;

PD: photo-detector. . . . . . . . . ... e
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9.3 Difference frequency generation for mid-infrared nonlinear device character-

9.4

ization. (A) Experimental scheme used to generate and detect mid-infrared
light. Telecom signal light and high power (up to ~ 3 W) 990 nm pump
light are combined in the same optical path using a long-pass dichroic mirror
and subsequently focused into a temperature-controlled periodically poled
lithium niobate (PPLN) crystal. Within this x(?) quasi phase-matched non-
linear medium, mid-infrared light is generated through difference frequency
generation (DFG). Following the PPLN sample, mid-infrared light is isolated
from the telecom and near-infrared light are filtered using a Germanium win-
dow. We use an optical chopper and a lock-in amplifier for high-sensitivity
detection of the generated mid-infrared light. PC: polarization controller;
VOA: variable optical attenuator; PPLN: periodically poled lithium niobate.
(B) Photograph of the experimental apparatus. (C) Optical micrograph of
the periodically poled lithium niobate sample. (D) Normalized mid-infrared
idler power as a function of signal wavelength, revealing a characteristic sinc-
like response with a 6-nm FWHM bandwidth. (E) Normalized idler power as
a function of temperature. The thermo-optic response of the PPLN crystal
permits fine tuning of the phase-matching condition. . . .. .. ... ...
(A) Photograph of the two-stage mid-infrared fiber amplifier. The pre-
amplifier is housed underneath the high-power amplifier. A mid-infrared
isolator prevents parasitic lasing. (B) Output mid-infrared power as a func-
tion of 980-nm pump power. 980-nm pump powers are estimated from the

supplied current and efficiency of the 980-nm pump source. . . . . ... ..
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9.5

9.6

(A) Optical micrograph of telecom-band (upper) and mid-infrared (lower)
grating couplers. (B) Corresponding suspended optical waveguides. (C) Sim-
ulated and measured mid-infrared grating coupler efficiencies as a function of
grating pitch (nm). The experimental data is obtained by analyzing the total
transmission through the waveguide system using a 2770-nm distributed feed-
back (DFB) laser, while the simulated data is obtained from finite-element
method (COMSOL) simulations of a single grating coupler. Data are normal-
ized to the peak values for a comparison with the simulation. (D) Preliminary
cut-back measurements showing the normalized transmission as a function of
waveguide length. The linear fit corresponds to a linear propagation loss of
0.12£0.17 dB/cm, which suggests the potential for low propagation losses in
the mid-infrared. These measurements are taken directly after the HF-wet
etch Process. . . . . . . . . . e e
(A) Estimated optical Schawlow-Townes linewidth for a mid-infrared sili-
con Brillouin laser operating in the optical linewidth narrowing regime (i.e.,
acoustic dissipation rate (I') > optical dissipation rate (). (B) Theoreti-
cal optomechanical cooling in a continuous system as a function of device
length in the case of large Brillouin coupling accessible in the mid-infrared;
here Gp = 470 W™lm™!, P, = 1 W). Adapted from Ref. [99]. (C) Phase-
matching considerations for an intra-modal photonic-phononic emit-receive
(PPER) process in which the emit waveguide channels telecom-band light
and the receive waveguide guides mid-infrared light. In this case, pump and
Stokes waves at 1.55 um drive a traveling-elastic wave, which in turn, phase
modulates light at 2.8 pm. PPER illustration adapted from Ref. [140]. (D)
Maximum non-reciprocal mode conversion efficiency possible through inter-
modal PPER process as a function of mid-infrared pump power. Near-unity
conversion efficiency should be possible, highlighting potential for broadband

isolator and circulator technologies with low insertion loss. . . . . ... ..
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Chapter 1

Introduction

1.1 Silicon photonics

In the same way that integrated circuits have revolutionized the field of electronics and
information processing, the ability to fabricate integrated systems of optical components
has already begun to transform the field of optics, both from a scientific and technologi-
cal standpoint [1-3]. What was once only possible with an optics table full of expensive
and complex free-space or fiber-optic systems is now readily available within robust, cm-
scale chips. These systems offer tremendous advantages in terms of scalability, cost, and
adaptability to a range of new technologies [2]. From a scientific standpoint, the nano-scale
waveguides that enable such photonic circuits also permit strong light-matter interactions
that can be used to explore regimes of nonlinear optical physics [4].

Among the integrated photonics platforms, silicon photonics is a clear leader thanks to
the (1) intrinsic compatibility with mature fabrication infrastructure, (2) ability to mono-
lithically integrate optics and electronics, and (3) superb light guidance properties of sil-
icon (i.e., high index of refraction). First, silicon photonics stands on the shoulders of
giants—the microelectronic industry—which has collectively invested 100s of Billions in re-
fining and developing precise and reproducible silicon-based circuits [2]. This infrastructure
also provides a natural interface between photonic and electronic components, allowing us
to synergistically combine the capabilities of both systems [5]. Finally, due to its large index

of refraction, silicon is amenable to compact waveguide geometries for dense layouts and



routing, enabling space-efficient footprints [5].

From both a device and systems perspective, silicon photonic technologies have devel-
oped at an accelerated pace. For instance, new high-speed detectors and traveling-wave
modulators have enabled 100 Gb/s data communications systems [6] and high-performance
RF-photonic links [7]. Low-loss serpentine waveguides and high-Q silicon photonic res-
onators have enabled new precision chemical [8], optical [9], and biological sensors [10].
Recently, the use of trimmable Mach-Zehnder arrays have become the basis for quantum-
photonic circuits that have demonstrated first steps towards quantum simulations [11].
However, not all device physics is readily accessible in silicon-based systems. In particu-
lar, it has been challenging to develop new lasers, amplifiers, and non-reciprocal devices in
silicon—essential components for fully equipped silicon photonic circuits. As we will explore
in this dissertation, the ability to shape and manipulate light by harnessing optical nonlin-
earities is a powerful and effective strategy to develop these and other essential photonic

technologies [4].

1.1.1 Optical nonlinearities

In linear optical media, light transmitted through the system is simply proportional to
the input. This property can be observed in the polarization field, which is the material

response to an applied field, given by

P(t) = eox"V Ein(2), (1.1)

where x(1) is the linear optical susceptibility. Here and below we assume no dispersion for
simplicity.! In the case of linear optical media, the light retains its spectral properties. It
may be refracted, reflected, or scattered, but its frequency remains unchanged.

By contrast, in nonlinear optical media, light exiting the material can be nonlinearly

proportional to the input. In this case, the polarization field is given by

P(t) = eo [xV Ewm(t) + xPEZ (t) + x®EL () + xVEL®) + ...]. (1.2)

1. Otherwise the polarization field is given by the convolution of the field with the susceptibility.






As shown in Eq. 1.2, the polarization current can be proportional to any power of
the electric field, allowing the optical fields to nonlinearly mix. This polarization field
can subsequently source an electric field with a frequency given by a sum, difference, or
combination of sum and difference frequencies. Thus, nonlinear optical systems change the
spectral content of the light, and as such, can be a powerful tool to shape and manipulate

light for a varied array of on-chip technologies.

1.1.2 Nonlinear optical technologies in silicon

As a material, silicon’s crystal structure possesses inversion symmetry, and consequently
it has no intrinsic ¥ nonlinearity. As such, appreciable nonlinear interactions arise only
through x® nonlinearities, such as Raman or Kerr interactions [12,13]. Raman processes
arise due to the interaction of light with optical phonons within a solid-state system. Due to
higher order dispersion,? spontaneous inelastic scattering can become a stimulated process,
leading to exponential amplification of the Stokes wave. This gain mechanism has been
used to create low-noise amplifiers and lasers in silicon [14]. Kerr interactions, by contrast,
are electronic in nature, and are characterized by how the index of material changes in the
presence of high optical intensities [12]. These interactions have been used within resonant
systems to create frequency combs [15] for applications in sensing and time-keeping [16].
Kerr nonlinearities have also been used in the context of quantum photonics for heralded
single-photon generation [17,18] and quantum frequency conversion [19].

Another powerful x(® nonlinearity, termed stimulated Brillouin scattering, arises from
the interaction of light with acoustic phonons. As we discuss below, this highly flexible
interaction gives rise to a range of unique and powerful dynamics for new silicon photonic

applications.

2. Even with modest group-velocity dispersion, the large frequency shifts (~ THz) typical of Raman
processes produce a phase-mismatch that decouples the Stokes (amplification) process from the anti-Stokes
(attenuation) process.



1.2 Stimulated Brillouin scattering

Stimulated Brillouin scattering is a x(® nonlinearity arising from the interaction of 3
waves—two optical and one elastic. As such, stimulated Brillouin scattering gives us ac-
cess to the distinct and complementary properties of acoustic phonons. This coupling is
made possible through a combination of optical forces and the photoelastic response of the
material. Given that the sound velocity is typically many orders of magnitude (~ 10°)
slower than that of light, traveling elastic waves with optical-scale wavelengths oscillate in
the GHz rather than the 100s of THz regime [12]. As a result, Brillouin scattering provides
a natural interface between optical and microwave frequency scales that can be leveraged
for new signal processing schemes in microwave photonic applications [20,21]. In addi-
tion, the relatively slow speed of sound permits compact optomechanical geometries that
can support long-lived acoustic excitations, enabling high-performance filtering or delay
functionalities [22].

The distinct optical and mechanical properties of materials, in conjunction with the
ability to precisely fashion device geometries through microfabrication, allows us to inde-
pendently control light and sound as we so desire [23]. This extra degree of freedom is the
basis for interesting non-local phenomena, where acoustic waves can be exploited to sense
or transduce information that light cannot ‘see’ [24-28]. At the same time, the ability to
independently control the optical and acoustic fields through both material and structural
engineering allows us to shape the Brillouin dynamics in ways that otherwise might not
be possible with all-optical nonlinearities [29]. For instance, various key properties, includ-
ing the Brillouin frequency, dissipation rate, and Brillouin coupling strength can readily
be tuned through geometry [29,30]. Moreover, propagating sound waves possess a natu-
ral directionality that can be harnessed for non-reciprocal modulation and control of light
propagation [31-33].

Brillouin interactions are also compelling because they are (1) found in practically any
transparent medium and (2) intrinsically strong relative to other nonlinearities. For in-
stance, silica-based fiber optic systems are one of the most nonlinear optical systems, and

yet Brillouin interactions exceed all other nonlinearities by factor of > 100 [13]. The strength



of this nonlinear coupling can therefore be a resource for low-threshold nonlinear-based tech-
nologies such as amplifiers and lasers [34]. Moreover, the intrinsic strength of this coupling
can be used to sense minute changes in temperature or strain over large distances and with
high resolution [35]. Thus, considering both the strength and overall tailorability of these
processes, Brillouin interactions are one of the most versatile and useful nonlinearities to

harness for new integrated photonic technologies.

1.2.1 Brief historical context

The discovery and development of stimulated Brillouin scattering is closely tied with the
history of its sister scattering processes, such as Rayleigh and Raman scattering, which
goes back to the late 19th century [36]. In particular, the collective work of John Tyndale
and John William Strutt (Lord Rayleigh) was the first significant step [37,38], detailing
how light scatters from wavelength-scale particles in a process that we now refer to as
Rayleigh scattering. This early work set the stage for hypotheses of Joseph Larmor that,
if the nano-scale particles producing such scattering were in motion, the Doppler effect
could change the frequency of the scattered light [39]. This idea was subsequently extended
to solid-state systems by C V Raman in 1919, who predicted that inelastic interactions
with molecular vibrations would also produce distinct frequency shifts corresponding to the
natural oscillation of what we now call optical phonons [40]. However, it was Léon Brillouin
was first to recognize in 1922 (at least in the published record) that this type of inelastic
scattering could also be produced by periodic density fluctuations arising from propagation
of acoustic phonons [41].

Eight years after the theoretical predictions of Brillouin, the spontaneous version of
this scattering process was first observed by Federovich Gross in 1930 [42]. Using a bright
mercury lamp and high-resolution echelon grating, he measured the spontaneous scattering
produced by thermal acoustic fluctuations of various liquids, in convincing agreement with
calculations based on Brillouin’s early work. Similar spontaneous Brillouin measurements
were subsequently used to measure the elastic constants of various materials [43]. However,
it wasn’t until the advent of the optical laser [44], which could provide an intense source of

spatially and temporally coherent light, that the stimulated version of this process was first



observed by Chiao, Townes, and Stoicheff in 1964 [45]. In this seminal work, Chiao et al.
focused high power ruby laser light (~ 50 MW) within Quartz and Sapphire crystals and
observed the stimulated emission of back-propagating Stokes radiation [45]. Bright Brillouin
spectrograms obtained from Fabry-Perot interferometers revealed that intensities met the
required threshold condition for stimulated scattering and amplification of hypersonic waves.

Since this first demonstration, stimulated Brillouin scattering phenomena have been
observed in a variety of solid, liquid, and gas media [46-51]. Importantly, it was shown that
by providing optical feedback within a resonant geometry, the required threshold power for
stimulated scattering could be significantly reduced, thereby introducing the concept of a
Brillouin laser [52]. Additionally, Brillouin scattering-based physics became significantly
more accessible with the invention of optical fiber systems [53]. In fact, the Brillouin
threshold was quickly recognized as a clear limiting factor when considering the power
capacity of fiber-optic systems [54]. As such, stimulated Brillouin scattering has often
been viewed as an unwanted effect in high-power applications. On the other hand, the
intrinsically large nonlinear SBS coupling opened the door to various high-performance
laser [55], amplifier [56], and sensing technologies [57]. Such interactions have been enhanced
by using photonic-crystal fiber systems [58] and other glass-waveguide systems for non-
reciprocal devices [31], Brillouin gyroscopes [59,60], and microwave generators [61, 62].
With the emergence of integrated photonic systems, the ability to precisely engineer the
optical and mechanical properties of devices through micro-fabrication opens the door a

new landscape of high-performance Brillouin-based technologies [2,63].

1.2.2 Challenges in adapting Brillouin technologies to silicon photonics

As discussed earlier, silicon photonic systems hold tremendous promise for the next gen-
eration of signal processing and sensing technologies, as well as new explorations of fun-
damental science [2]. In this context, Brillouin interactions are uniquely adapted to many
of the most pressing needs within the field. The tight optical confinement provided by
nano- and micro-scale silicon waveguides enable radically enhanced Raman and Kerr non-
linearities [14,64-68]. Surprisingly, Brillouin interactions have been markedly absent from

conventional silicon photonics, despite the potential to harness large optical forces to trans-



duce mechanical motion [69].

Silicon’s elastic and photo-elastic properties present a unique landscape for Brillouin-
based device physics [69]. Importantly, the component of the photo-elastic tensor p12, which
is the dominant source of coupling in conventional backward stimulated Brillouin scattering
(BSBS), is unusually small, preventing direct adaption of mature fiber-optic or bulk stim-
ulated Brillouin scattering technologies. By contrast, the component of the photo-elastic
tensor that couples optical and acoustic fields of the same polarization, p;, is significantly
larger (p?,/p?, > 30) [70]. This particular form of optomechanical coupling is ideally suited
to a process called intra-modal forward stimulated Brillouin scattering (FSBS), in which
cut-off phonons—with characteristic breathing-mode-like behavior—mediate coupling be-
tween co-propagating optical fields propagating in the same spatial mode [71,72]. Such
forward scattering processes offer the most promising path to high-performance Brillouin-
based devices in silicon photonics.

While possessing great potential, this non-standard scattering process poses two signifi-
cant challenges in the context of silicon photonic device technologies. First, while standard
silicon-on-insulator waveguides provide optical confinement through total internal reflection,
they do not support long-lived acoustic modes; since the sound velocity of silica is lower than
that of silicon, the oxide undercladding quickly draws away the elastic energy necessary to
sustain appreciable interactions [69]. Only through a new class of suspended optomechanical
structures that provide confinement for both optical and elastic waves, have large Brillouin
nonlinearities become possible in silicon (~ 10* x larger than in silica fiber) [30,73], yielding
optical gain that can outpace linear and nonlinear propagation losses [23,74]. Second, due
to phase matching, the dynamics of FSBS are fundamentally distinct from those of BSBS
(see Fig. 1.3) [13], making these interactions nontrivial to adapt to new amplifier, laser,
and non-reciprocal technologies.

In what follows, we will examine the dynamics of backward and forward stimulated
Brillouin scattering using a Hamiltonian-based theoretical framework, leveraging many of
the results presented in Ref. [75]. We show that backward stimulated Brillouin scattering
fundamentally decouples the Stokes from the anti-Stokes process through phase-matching,

producing single-sideband gain. By contrast, the Stokes and anti-Stokes processes are in-



trinsically coupled in forward intra-modal Brillouin scattering, preventing stimulated gain
from spontaneous scattering. We show how the introduction of multiple spatial modes in a
forward Brillouin scattering allows us to fundamentally manipulate the dynamics, allowing
us to combine the strong elasto-optic couplings of forward SBS with the single-sideband

dynamics of backward Brillouin scattering.

1.3 Brillouin processes and dynamics

To describe the coupled spatio-temporal dynamics produced by stimulated Brillouin scat-
tering (SBS), we use a Hamiltonian formalism [75] that builds upon prior traveling-wave
quantum optics [76] and optomechanical frameworks [77]. This analysis offers a comple-
mentary approach to traditional formulations for SBS based on Maxwell’s equations and
the acoustic wave equation [12]. It also provides a clear connection to the growing body
of literature surrounding cavity optomechanical systems [78] and a natural extension to
scenarios in which the quantum nature of light becomes relevant [76,79]. As outlined in
Ref. [75], the generalizable Hamiltonian that captures the traveling-wave dynamics of Bril-

louin interactions in continuous systems is given by

H— Hoptical +thonon + Hint, (13)

where HPhonon — proptical - and Hint are the Hamiltonians describing the optical field, the
phonon field, and the optomechanical interaction.

We begin by describing the uncoupled dynamics of the optical and phonon fields. In a
continuous system, the total mechanical energy (excluding vacuum fluctuations) is given by

a sum over a continuum of phonon modes indexed by wavevector ¢, such that

JgPhonon _ / dg' QY q')b:r/bq" (14)

Here, 2(q) is the acoustic dispersion relation. Through a Fourier transform, we can

re-express this Hamiltonian in the spatial domain as



Hphonon — / dz'hB'(2)0.B(2) (1.5)

where the dispersion operator is given by the Taylor expansion

(-2 »

and the phonon mode envelope operator B(z) = (27)("1/2) [dq'by exp[i(¢’ — qo)], such

szi 19"

=
“— nl oqm

that the phonon field is described by a sharply peaked distribution of acoustic wavevectors
centered around gg.> We note that, according to this definition, Bf(z)B(z) represents a
number density such that Number = [ d2’Bf(2')B(%’). In a similar fashion, we can express

the Hamiltonian for the optical fields as

pgoptical _ Z / dk’ o, (k' )a:r,,k,a,,,k'a (1.7)

which, transformed into the spatial domain, becomes

Hoptical — Z/dz’hA;’/(z/)d)V’z,Ay(z/). (1.8)

Here, A, (2) = (2m)("/? [ dk'as exp [i(k' — k,)] and v indexes the fields and dispersion
relations pertaining to the pump, Stokes, and anti-Stokes fields. The dispersion operator
@y, is described by a Taylor expansion of w, (k) much like its acoustic counterpart (Eq.
1.6).

Having distilled the traveling-wave Hamiltonian for the uncoupled phonon and optical
fields, we derive their spatio-temporal dynamics using the Heisenberg equations of motion.

The dynamics of the phonon field are given by

0B(z, 1 onon

%:—ﬁ[B(z,t),th ]
— / d2'[B(z,1), BN ()]0 B(</, 1) (1.9)
= —iQ,B(z,1),

3. To simplify the analysis, we factor out the phase associated with the center wavevector go.
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where we have used the commutator [B(z,t), Bf (2',t)] = §(z — ).

To first order (i.e., neglecting higher order dispersion), Eq. 1.9 becomes

0B(z,t) . 0B(z,t)
—2 7 ~ —iQ(qo)B(z,t) — vp—pa——> 1.10
ET ®2q0)B(2,t) — vo—p- (1.10)
where the acoustic group velocity is given by vp = Q'(qo).
Now, following the same steps with the optical fields, we have
0A (Z,t) 1 ical
%—t = —E[Au(zat%H’Opt Ca]
= —iwy ,Ay(2,1) (1.11)

0A,(z,t)
0z

where again we have neglected higher-order dispersion terms, which is a good approximation

~ —iw(ky)Au(z,t) — vy

for the systems described in this dissertation.

1.3.1 Optomechanical Brillouin coupling

We now consider the case when the relevant optical and phonon fields are coupled together
optomechanically through Brillouin scattering. This coupling is captured by the interaction

Hamiltonian

Hint — h/ ds (gs,pAI)(z/)As (z/)B(z/)ez‘(qo—kp+ks)
(1.12)

+gp,asAzs<z'>Ap(z’)B(z')e“qo-kaﬁkp)z) the.

Here g5, and gp as are the elasto-optic coupling coefficients corresponding to the Stokes
and anti-Stokes processes that arise from the interplay between optical forces (both elec-

trostriction and radiation pressure) and the photo-elastic response of the material. The

total elasto-optic coupling is given by

G = gs,sy' + gf,l,)yla (1’13)

where the electrostrictive ¢° , and radiation pressure coupling g,°, are given by
? K
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, ‘ g uk(r
9, =k /du(D,Z/(TL))*(DIJ/(ri))p”kl(m)g%

bkt (1.14)
oty = [[ara[BEL” - BV - 05)- (059 ) |,

where & = 273/2¢5 (hw,w,/Q)'/2. Here, we use r; to denote the 2-D space that is per-
pendicular to the direction of light propagation and that spans the cross-section of the
waveguide system. We also note that we sum ¢, j, k, and [ over each orthogonal direction.
DY (r.) is the spatial profile of the ith polarization displacement field of optical mode ;
p¥l(r ) is the photo-elastic tensor; u(r, ) is the elastic displacement profile and %—) is
the 2-D strain profile; EQ, (D) is the component of the electric (displacement) field profile
that is parallel (perpendicular) to the boundary; e(r ) is the dielectric spatial profile of the
waveguide. Notice that we have separated the parallel and perpendicular field components
such that the field values are well-defined at the boundaries—an important consideration
in high-index dielectric waveguides [80].

To consider the Stokes or anti-Stokes process, we will replace the central wavevector go
with g5 or gas such that the phase-matching condition is satisfied for the first or second term,

respectively. Finally, we note that the case of a backward propagating wave will reverse the

sign of the relevant wavevectors.

1.3.2 Backward stimulated Brillouin scattering

For a backward stimulated Brillouin scattering (Stokes) process, we consider a travel-
ing phonon field with a central wavevector of g9 — ¢s = kp + ks = 2k, such that the
phase-matching condition is satisfied for a forward propagating pump wave and backward-

propagating Stokes wave. In this case, the interaction Hamiltonian takes the form

= [ @ (gs,pAz,(z')As(z')B(z') + gp,asA;su')Ap(z'>B(z’)e-i<2kv+ks+kas>z) T he.

S /dz'gs,pAL(z’)As(z')B(z') + h.c.,
(1.15)
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Figure 1.2: Phase-matching and energy conservation conditions for backward SBS, illus-

trated by the optical and acoustic dispersion relations. Together, these conditions require
that the wavevector (x-axis) and frequency (y-axis) of the Brillouin-active phonon connect

the initial (open circle) and final (closed circle) optical states. (A) The BSBS Stokes pro-
cess requires a forward-propagating phonon with gs & 2k, and Qs = Qg = 2wpvp/vp. (B)
By contrast, the anti-Stokes process is mediated by a backward-propagating phonon of ap-

proximately the same magnitude of wavevector and frequency. (C) Because the Stokes and
anti-Stokes processes are mediated by distinct phonons, these two processes are intrinsically

decoupled; this we refer to as phase-matching-induced or dispersive symmetry breaking.
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Here, we have used the fact that the phonon wavevector that satisfies the phase-matching
condition for the Stokes process does not satisfy the anti-Stokes process (i.e., ks # Kas). As
such, the second term is highly oscillatory and, for system lengths L > 1/(4kp), becomes
vanishingly small under the integration. As a result, the Stokes process is completely
decoupled from the anti-Stokes process. Such dispersive symmetry breaking, as we call it,
can be understood diagrammatically, as presented in Fig. 1.2. We observe that, for phase
matching to be satisfied, the Stokes process must be mediated by a forward-propagating
phonon (+z). By contrast, the anti-Stokes process requires a backward-traveling phonon
(—2).

This interaction Hamiltonian, in conjunction with the traveling-wave optical and phonon
Hamiltonians, can then be used derive the coupled Heisenberg equations of motion for the

pump, Stokes, and phonon fields, yielding

0B . 0B .

-gt— = '—ZQSB — ’Ubg — lg:,pAlAp
0A ) 0A .
—Btp = —iwpAp — vp——azp — igs pAsB (1.16)
0A ) 0As .,

ats = —'I,wsAp + ’Usgz—s — ng’pApBT

For simplicity we move these fields to the rotating frame in time, such that B(z,t) =
B(z,t) exp (—it), Ap(z,t) = Ap(2,t) exp (—iwpt), and As(z,t) = As(z,t) exp (—iwst), where
) = wp —ws. We also introduce loss for each field and corresponding Langevin terms, repre-
senting the thermal and quantum fluctuations that maintain detailed balance (i.e., thermal

equilibrium). Under these conditions the equations of motion become

9B Lp_ 9B iy

5 = —i(Qs — Q)B — EB - Ub‘a‘; — 9 pAlAP +n
04 _ Mg _, 0% . ip
5_; =g Ty —igep A+ 6 (17
0As

at 2

where I', 7p, 75 and n, &, & are the dissipation rates and Langevin terms for the phonon,
Stokes, and pump fields, respectively.
For the purposes of this section, we will momentarily ignore the stochastic Langevin

terms, but note that they will play an important role in Chapters 3, 6-8. To understand
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the power dynamics of the system, we analyze the steady-state equations of motion

0B I A
W= —i(Q%s —Q)B — §B - zgs’pAlAp
0A Yo = =
0A Ys = . ow o+ A
—vsa—; = ——;AS — zgs,pApBT,

where we note that the sign of the optical Stokes field velocity indicates the backward
direction of propagation. Given the typically rapid spatial decay of acoustic waves at room
temperature (with attenuation lengths of order 100 pm), we can adiabatically eliminate?
the spatial phonon dynamics such that, to an excellent approximation, the phonon field can
be expressed as the local beat-note between the Stokes and pump fields [12]. Specifically,

under this approximation, the phonon field can be written as

B(2) = —ig? () Ap(2) AL (2), (1.19)

where the phonon susceptibility xp(2) = (i(Qs — Q) + g)_l. As such, for most Brillouin
systems, the phonon field is given by the local pump-Stokes beat note. Substituting this

expression into the steady-state dynamics of the pump and Stokes fields yields

0A op ~ 21 A, 12 -

a_p — __213_‘Ap _ IgS,P| | S| Xb(Q)Ap

8; , jj_lp , (1.20)
o= Qg WAl o)

Oz 2°® Vg
where ap, and o5 are the spatial decay rates for the pump and Stokes fields defined by
ap = Yp/vp and as = ¥/vs. In single-mode systems, these two loss rates are typically

equal. We make a quick observation that linear loss for the backward-propagating Stokes

4. In cases with well-resolved decay rates, adiabatic elimination allows us to greatly simplify the
equations of motion. We begin with the integral solution for the phonon field in Eq. 1.18 given by
B(2) = (—igip) /v i d' Ap()AL() exp ( — (2 — 2)/ (xo(Q)w)), where xu(Q) = (i(0 — Q)+ 5) 7. Next,
recognizing that the attenuation length for the optical fields is far larger than for the phonon field, we
can use the Markov, or two-scale approximation to pull the optical fields out of the integral, yielding
B(z) = —igZ pxb () Ap(2) Al (2) (1 — exp (—z/(xs(2)vw)). Noting that the device lengths are typically much
longer than the phonon attenuation length (i.e., L > wv,xb(0)/2), the phonon field can be expressed, to
an excellent approximation, as B(z) = —igZ,Xxb(Q)Ap(2)Al(2). Alternatively, one can arrive at the same
adiabatically eliminated form by solving for the steady state spatial dynamics (i.e., vb%—’f = 0). Given
appropriate separation of scales, adiabatic elimination can be used in both space and time domains, as we
show in Chapter 3.
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dynamics takes the form of exponential gain in the forward direction. Conversely, expo-
nential gain from stimulated Brillouin scattering appears as a loss term in the forward
direction. Equation 1.20 can be rewritten in terms of the optical powers by noting that

Ppg) & hwpvaIp’s)A(pﬁ) (and A, (z,t) has units of [number][Length]~(1/2)) ® which yields

W _ P, - Ga(Q)BP,
dz (1.21)

dP,
dzs = asPs — G(Q) Py Fs,

where the frequency-dependent Brillouin gain coefficient is given by

T/2)?
Ga(Q) = Gug— Q()é JZ T (1.22)

with Gp = 4|gs p|?/ (AwpTvsvp).6
In the case of an undepleted pump wave, the optical Stokes power as a function of space

is given by

Py(z) = Py(L)el -G Pprtas)(=-1) (1.23)

From Eq. 1.23, we see that backward stimulated Brillouin scattering yields exponential
backward amplification for the Stokes wave when the Brillouin gain exceeds the propagation
loss. Such amplification is also evident in the phonon field power. Since the phonon field is

proportional to the optical Stokes field (see Eq. 1.19), we find that the phonon power is

Py(2) = AQsv, B (2) B(2) o Py(L)el~CB)Pptas)(z—L), (1.24)

Thus, given a injected Stokes or spontaneous fluctuation, backward Brillouin ampli-
fication produces exponential amplification. This form of amplification is the basis for
low-noise Brillouin lasers [81-84], high-gain amplifiers [85], distributed fiber sensors [86,87],

and narrowband optical and RF-photonic filters [88,89].

5. Approximately true for fields possessing a narrow spectrum, and exactly true in the case of a monochro-
matic source.

6. We can reparameterize the Brillouin gain by noting that P, = hwpvp|4p|> such that G =
41gs,p[*| Ap|?/ PoTs.
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Figure 1.3: 2-D representation of phase-matching and energy conservation conditions for for-
ward intra-modal Brillouin scattering. Together, these conditions require that the wavevec-
tor (x-axis) and frequency (y-axis) of the Brillouin-active phonon connect the initial (open
circle) and final (closed circle) optical states. (A) In this forward intra-modal SBS Stokes
process, this means that the a forward-propagating cut-off Brillouin-active phonon of fre-
quency s = g, the phonon wavevector ¢gs = vy, 1Q)p where v}, is the optical pump group
velocity. (B) The anti-Stokes process is mediated by the same phonon. (C) As such, the

Stokes and anti-Stokes processes are intrinsically coupled, yielding dual-sideband gain.
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1.3.3 Forward intra-modal Brillouin scattering

As we have discussed, the dominant scattering process possible in silicon waveguides is
forward intra-modal stimulated Brillouin scattering. In this case, the dynamics are quite
different from those of backward stimulated Brillouin scattering.

We begin with the interaction Hamiltonian of the system given by

Hint — h/dz’ (gs,pAI,(z')AS(z')B(z')ei(q"‘kP"’kS)
(1.25)

+gp,asA;s(z')Ap(z')B(z')ei<qo-’fas+’°p>Z) + hec..

In the case of forward Brillouin scattering, the relevant central wavevector the phonon
field becomes gy — gs = kp — ks, approximately identical to the anti-Stokes phonon g.s =
kas — ks such that g — gs & gas. Specifically, the phonon that phase-matches to the Stokes
process also satisfies the phase-matching condition of the anti-Stokes process, as illustrated
by Fig. 1.3. This intrinsic coupling is in sharp contrast to dynamics of backward stimulated
Brillouin scattering (see Section 1.3.2). Given these properties, the interaction Hamiltonian

becomes

Ht = h/dzl (gs’pAL(z')As(z’)B(z')

(1.26)
+gp,aSAls(z')Ap(z')B(z')> + h.c.,
and the resulting coupled-wave dynamics are given by

0B . oB .
5 = —iQ2sB — vba — zgs,pAlAp - zg;’asALAas

0A ) 0A . ¥

8_;’ = —iwpAp — vpa—zp —igspAsB — zgp@SBTAas .
0A; X 0As ., t (1:27)
5 = —twsAp — USE —igp sApB

0A ) 0A :

8—58 = —fwysAas — vasa—js — igp asApB.

From Eq. 1.27, we observe that, due to phase-matching, the Stokes and anti-Stokes
processes are intrinsically coupled. This means that phonons generated through a Stokes
process can be annihilated by the anti-Stokes process with nearly equal probability (i.e.,

gs,p & p,as)- In this way, spontaneous forward Brillouin scattering does not lead to stimu-
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lated amplification (see Ref. [75]), in contrast to the case of backward Brillouin scattering.
This is evident by solving for the steady-state equations of motion under the rotating wave

and stiff pump approximations, which yields

B(z) = Xb(Q)( - ig:’pfil/ip - ig;’asf_l;/_las)
A, —ig;"pﬁpBT

= 1.28
0z Us ( )
0A,s _ —igp,asApB
0z Vas ’

where as before, B, /ip, Ay are the slowly-varying envelopes in the rotating frame.
These coupled equations allow us to analyze the spatial dynamics of the phonon field,

yielding

OB DA - Y
o * Jals * t as
0% — @20 (G ) Ao+ gy (5522) )

-~
Generation rate Annihilation rate

. igp s Abxb (€2 e Tt x s Ttz -
= —ixp() |95, [M( - zgs,pA;'Ap — 1gp7aSA£Aas)] A,

Us

(1.29)

* 7 _ig, A Q % o3t 3 . % T+ 7
+gp,asAL[ p,as ApXb( )(_zgsypA;‘Ap—zgp@SAJ{)AaS)]

Vas

~ 0.
The final line takes the case of gy as = gs,p and vas = vs, which are excellent approximations
in practically all forward intra-modal systems since the Brillouin frequencies are many orders
of magnitude smaller than the relevant optical frequencies [75].

Thus, the spatial growth of the phonon field depends on the relative Stokes (generation)
and anti-Stokes (annihilation) rates. A stimulated process requires that the Stokes pro-
cess (which generates phonons and Stokes photons) outpace the anti-Stokes process (which
annihilates phonons). From Eq. 1.29, we find that these two counteracting processes are
balanced, resulting in no net growth of the phonon field—in sharp contrast to the case
of backward SBS. These dynamics arise due to the fundamental coupling between Stokes
and anti-Stokes processes, which prevents stimulated gain from spontaneous scattering [75].

Consequently, it is nontrivial to adapt these forward Brillouin dynamics to new laser de-
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signs.”

1.3.4 Forward inter-modal Brillouin scattering

By expanding these concepts to systems that support multiple optical spatial modes, how-
ever, we are able to manipulate the dynamics of these forward Brillouin processes in pro-
found ways. In particular, by precisely engineering the spatial character of the optical and
phonon modes within a multimode optomechanical waveguide, an elastic wave of the appro-
priate symmetry can mediate coupling between light waves propagating in distinct optical
spatial modes in a process termed stimulated inter-modal Brillouin scattering [91-94].
Through phase-matching, forward inter-modal Brillouin scattering combines many of the
compelling features of both backward and forward SBS. In the case where the pump prop-
agates in the fundamental optical spatial waveguide mode (of wavevector k;(w)) and the
Stokes and anti-Stokes waves propagate in the first excited mode (of wavevector k;(w)),
phase matching requires that g5 = ki(wp) — kao(ws) for the Stokes process and ga.s =
ko(was) — k1(was). As shown in Fig. 1.4, these conditions demand that the Stokes process be
mediated by a forward-propagating phonon while the anti-Stokes process must be mediated
by a backward-propagating phonon. This fundamental decoupling of Stokes and anti-Stokes
processes, which we refer to as dispersive symmetry breaking, profoundly changes the in-
teraction Hamiltonian (Eq. 1.26). For the Stokes process, go — ¢s = k1(wp) — ka(ws) and

the interaction Hamiltonian becomes

7. The Stokes (”Phonon generation”) and anti-Stokes ("Phonon annihilation”) interactions are counter-
acting processes. This means that, in contrast to BSBS, stimulated Brillouin processes cannot initiate from
noise [90]. Furthermore, in a standard cavity system (with equally spaced modes), any gain provided by the
Stokes process will be negated by the anti-Stokes process, preventing a forward Brillouin-based system from
reaching the laser threshold.
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H™ = / d’ <gs,pA;(z')As(z')B(z')ei(qs—k1<%>+k2<w$>>
+ gpas AL () Ap(2') B(2') i@ ~h2(wne)Tha WPDZ) + hec.
=h / dz' (gs,pA;f,(z')As(z’)B(z') (1.30)
+ gpas Al (2 Ap(2) B(2')el®R <wp>—k2<ws>—k2<%s>>2) + h.c.
~h / 47 gepAl)() As()B() + h.c.

As shown in the second line, the phase mismatch for the anti-Stokes process is 2k1 (wp) —
ka(ws) — k2(was)) = 2An12(wp)wp/c, where Anjo(w) denotes the effective index difference
between mode 1 and mode 2. Thus, for device lengths that exceed the spatial beat length
of the two modes (L > c¢/(4Aniz(wp)wp)), the second term (of line 2) is again highly
oscillator over the domain and integrates away.? As a consequence, we recover the dispersive
symmetry breaking and single-sideband gain associated with backward Brillouin scattering
(see Fig. 1.2), but in a forward scattering geometry.

From here, we derive the equations of motion for forward inter-modal Brillouin scatter-

ing, which yield

OB ) oB .,

rrie —i{}sB — Vb T zgs7pA;pr
0A . 0A .
EE = —iwpAp — vg,l—ﬁzp — igs pAsB (1.31)
0A . 0As .,

6ts = —jwsAs — vg,ga—; — gs’pApBT,

where vg,1 and v, 2 are the group velocities of the pump and Stokes waves propagating in the
waveguide mode 1 and 2, respectively. We now transform these equations to the rotating
frame and add linear damping and noise terms consistent with the fluctuation-dissipation

theorem, as we did with the BSBS equations of motion (see Eq. 1.17). These steps yield

8. For typical multimode silicon waveguide, the spatial beat length is typically 10-100 pum.
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Figure 1.4: Phase-matching and energy conservation conditions for forward inter-modal
stimulated Brillouin scattering. Together, these conditions require that the wavevector (x-
axis) and frequency (y-axis) of the Brillouin-active phonon connect the initial (open circle)
and final (closed circle) optical states. (A) In a forward inter-modal Stokes process, this
means that the a forward-propagating phonon with g5 = k1 (wp) — ka2(ws) = 2mrAnjawp/c,
where Anjs denotes the effective index mismatch between mode 1 and mode 2 of the
waveguide. (B) By contrast, the anti-Stokes process is mediated by a backward-propagating
phonon of approximately the same wavenumber and frequency. (C) Because the Stokes and
anti-Stokes processes are mediated by distinct phonons, forward stimulated inter-modal
Brillouin scattering dynamics exhibit dispersive symmetry breaking much like that produced
in backward stimulated Brillouin scattering.
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2 Q. — B it Al

5 Qs — Q)B 2B b igs pALAp 4+ 1
0A Yo 7 oA =
8—; = ——2£Ap — ”g’la—zp —igspAsB + & (1.32)
A Vs = 0As ., « =

where we note that the existence of two spatial modes can yield two distinct optical dissipa-
tion rates 7y, and 7s. These coupled inter-modal equations form the basis for the dynamics we
will study in Chapters 3, 4, 6, and 7. To analyze the power dynamics of the system, we seek
the steady state equations of motion of the pump and Stokes waves. Again, we adiabatically
eliminate the spatial phonon dynamics of the phonon (i.e., B(z) = —ig:,pxb(ﬂ)ﬁs(z)fip (2)).

Through these steps, we obtain

0A o1 - 2142 _

6_13 — __1Ap _ IgS,Pl | S‘ Xb(Q)Ap

Vi orr | oliA? 1)
s_ %7 9spl 18«7

% - o Ag + o X1 () As.

where o, and «s are the spatial decay rates for the pump and Stokes fields and the phonon
susceptibility is given by xu() = (i(2 — Q) + 5)~!. We again transform these equations

into power (see Section 1.3.2), yielding

dP,

7’1 = —apP, — Ge(Q) PP,

g }ZD (1.34)
d; = —asPs + Gg(Q) P, P

Considering the case of an small signal and undepleted pump (i.e., Py(z) = Pp), the

solution to Eq. 1.34 is

Py(z) = Pg(o)e(GB(Q)Pp—as)Z_ (1.35)

Thus, single-sideband gain from stimulated inter-modal Brillouin scattering can lead
to exponential amplification of the Stokes wave if the Brillouin gain exceeds the propaga-
tion loss. In like manner, the phonon field also experiences exponential growth since it is

proportional to the Stokes field.
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Py (2) o« Py(0)e(C()Pr—as)z (1.36)

Thus, as in the case of backward SBS, stimulated optical gain can result in the case of
either an injected Stokes signal or the presence of thermal-mechanical noise. In this way,
inter-modal Brillouin scattering allows us to combine powerful BSBS-like dynamics with
large FSBS-like coupling strengths for a range of silicon-photonic amplifier, laser, and non-
reciprocal technologies. In what follows, we demonstrate, utilize, and control this device

physics for emerging integrated photonic technologies.

1.4 Summary of dissertation

In this dissertation, we will explore new ways to manipulate and control Brillouin interac-
tions to develop flexible and useful silicon photonic technologies. Below is a summary of

the content of each chapter.

e In Chapter 2, we fundamentally change the dynamics of forward Brillouin scattering
in silicon by engineering Brillouin coupling between distinct optical spatial modes.
To demonstrate this physics, we develop an all-silicon optomechanical waveguide that
supports (1) low-loss TE-like symmetric and antisymmetric optical waveguide modes
and (2) an antisymmetric elastic wave that is designed to yield maximal acousto-
optic overlap. We also design, optimize, and fabricate low-crosstalk integrated mode-
multiplexers, which allow us to access each optical spatial mode independently. In this
way, we inject pump and signal waves into distinct optical spatial modes for highly
controlled inter-modal Brillouin spectroscopy. Harnessing the dispersive symmetry
breaking made possible through inter-modal couplings, we demonstrate 3.5 dB of
single-sideband gain in a cm-scale device, corresponding to more than 2 dB of net

amplification. This chapter is based on Ref. [29]:

[29] E.A. Kittlaus, N.T. Otterstrom, and P.T. Rakich, “On-chip inter-modal Brillouin
Scattering.” Nature Communications 8, 15819 (2017).

e In Chapter 3, we develop a high-Q multimode resonator system that harnesses the
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single-sideband gain produced by stimulated inter-modal Brillouin scattering to achieve
Brillouin lasing for the first time in silicon. Thanks to the new modal degrees of
freedom, the inter-modal laser concept we demonstrate allows us to manipulate and
control the laser emission in a number of ways. In particular, this system offers un-
precedented size and frequency scalability, avoids the need for isolators and circulators,
allows independent control of pump and Stokes emission, and permits controllable en-
ergy transfer dynamics. We also develop new experimental and theoretical tools to
analyze the unique spatio-temporal dynamics of the system, revealing that optical
self-oscillation produces an intriguing form of acoustic linewidth narrowing. We show
that these 3-wave laser dynamics are analogous to an extreme limit of optical paramet-
ric oscillator physics and are made possible by the unusually large Brillouin coupling
and unique elasto-optic properties of our system. We also highlight how, building
on this work, the introduction of optical feedback lays the groundwork for powerful
amplifier and non-reciprocal technologies. Content for this Chapter has been adapted

and partially reproduced from Ref. [95]:

[96] N.T. Otterstrom, R.O. Behunin, E.A. Kittlaus, Z. Wang, and P.T. Rakich, “A sili-
con Brillouin laser.” Science 360, 6393, 1113-1116 (2018). (see also arXiv:1705.05813v4)

In Chapter 4, we leverage a resonant Brillouin geometry to manipulate and profoundly
enhance the Brillouin amplification dynamics produced by stimulated inter-modal
Brillouin scattering. Within this resonant system, we show that when Brillouin gain
exceeds the internal losses of the cavity, but not the total losses of the system, we
can achieve large degrees of amplification without producing self-oscillation (below
the laser threshold). This strategy allows us to sidestep major challenges stemming
from nonlinear loss and geometric broadening to transform the modest gain possible
in a linear waveguide (3.5 dB) into more than 30 dB of on-off Brillouin gain in silicon.
We also show that, due to the phase-matching conditions of this inter-modal Brillouin
process, Brillouin amplification in this system is intrinsically unidirectional, yielding
large degrees of isolation without insertion loss in an all-silicon system. We further

highlight how this powerful device physics may be used for narrowband optical and
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RF-photonic filters and integrated non-reciprocal technologies. Content for this chap-
ter has been adapted and partially reproduced from Ref. [97] (copyright 2019 by the

Optical Society of America):

[97] N.T. Otterstrom, E.A. Kittlaus, S. Gertler, R.O. Behunin, A.L. Lentine, and
P.T. Rakich, “Resonantly enhanced nonreciprocal silicon Brilouin amplifier.” Optica

6,9, 1117-1123 (2019).

In Chapter 5, we develop new strategies for co-integration of Brillouin photonic tech-
nologies with CMOS-foundry silicon photonic circuits to (1) improve Brillouin device
performance, (2) add new degrees of control, and (3) introduce Brillouin technologies
to important integrated photonic applications. In collaboration with Sandia National
Laboratories, we design and fabricate a range of Brillouin-active amplifier, laser, and
filter technologies using a variant of standard CMOS-foundry fabrication. We char-
acterize these devices through various forms of nonlinear laser spectroscopy and show
that Brillouin-photonic devices exhibit exceptional performance relative to those fab-
ricated with our standard academic electron-beam lithography. These results open
the door to co-integration of Brillouin devices within active silicon photonic circuits.
Building on this progress, we design and fabricate Brillouin-enabled silicon photonic
circuits that leverage new degrees of active thermal and electrical control and interface
with silicon-photonic modulator technologies. These results provide a powerful new
framework to shape dynamics of Brillouin-photonic systems in a dynamical fashion
and introduce powerful Brillouin-based device physics into mainstream silicon pho-

tonics.

In Chapter 6, we harness the nonlinear dynamics of synchronization to achieve injection-
locked operation of a silicon Brillouin laser and demonstrate its back-scatter immune
properties. Building on the resonantly enhanced amplifier results of Chapter 5, we de-
velop high-performance mode-selective couplers to individually address cavity modes
produced by the symmetric and antisymmetric optical spatial mode. These couplers
allow us to inject a seed into a self-oscillating symmetric cavity mode. When the

seed frequency is in sufficient proximity of the natural Brillouin laser frequency, the
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Brillouin laser will spontaneously synchronize to the input source. Through this form
of injection locking, we are able to control the laser emission with Hz-level precision
and dramatically improve the exhibited phase-noise properties of the system. We also
study the unidirectional nature of the injection locking dynamics and show that this
system permits an intriguing form of back-scatter immunity. Content for this chap-
ter has been adapted and partially reproduced from Ref. [98] (copyright 2020 by the

American Physical Society):

[98] N.T. Otterstrom, S. Gertler, Y. Zhou, E.A. Kittlaus, R.O. Behunin, M. Gehl,
A L. Starbuck, C.M. Dallo, A.T. Pomerene, D.C. Trotter, A.L. Lentine, and P.T.
Rakich, “Backscatter-Immune Injection-Locked Brillouin Laser in Silicon.” Physical

Review Applied 14, 044042 (2020).

In Chapter 7, we theoretically explore the fundamental noise processes that influence
the performance of Brillouin amplifiers. Based on these noise mechanisms, we develop
a well-defined formulation for the optical noise figure of Brillouin amplifiers in both
resonant and non-resonant configurations. We also explore the out-of-band noise
properties of these systems and characterize the performance within RF-photonic
links. From these calculations, we find that the noise figure of these systems depends
critically on the thermal occupation of the phonons, and we discuss strategies for
noise-conscious design of Brillouin-based systems. Content for this chapter is adapted

and partially reproduced from:

N.T. Otterstrom, S. Gertler, R.O. Behunin, Y. Zhou, E.A. Kittlaus, A.L. Lentine,

and P.T. Rakich, “The optical noise figure of Brillouin amplifiers.” In preparation

In Chapter 8, we demonstrate a new form of optomechanical cooling that allows us
to reduce the occupation of thermal phonons in continuous Brillouin-photonic sys-
tems. This powerful form of optomechanical control is enabled by the well-resolved
phase-matching conditions of spontaneous inter-modal Brillouin scattering; we show
that these conditions (1) decouple the anti-Stokes (cooling) from the Stokes (heating)
process and (2) allow us to reduce the thermal occupation of traveling elastic waves

among a continuum of acoustic states in a wavevector selective fashion. To under-
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stand these dynamics, we develop Hamiltonian-based theoretical models and a new
form of phonon-resolved wavevector spectroscopy. We also discuss how this new form
of optomechanical control allows us to manipulate noise and dissipation for improved
performance in a range of Brillouin-photonic systems. Content from this chapter has
been adapted and partially reproduced from Ref. [99] (copyright 2018 by the American

Physical Society):

[99] N.T. Otterstrom, R.O. Behunin, E.A. Kittlaus, and P.T. Rakich, “Optomechan-
ical Cooling in a Continuous System.” Physical Review X 8, 041034 (2018).

In Chapter 9, we explore new strategies to radically enhance the nonlinear Brillouin
strength through high-power mid-infrared nonlinear silicon photonics. We discuss
the both the opportunities and experimental challenges presented by this spectral
region. We also outline our experimental scheme to generate, route, and detect mid-
infrared light, which leverages nonlinear wave mixing to seamlessly convert between
telecom and mid-infrared wavelengths. We report our progress on the development
of the experimental apparatus and silicon photonic devices. Finally, we show how
the unusually large nonlinear couplings strengths made possible by this mid-infrared
spectral region allow us to control, shape, and enhance nonlinear optical phenomena

for a range of powerful new silicon photonic device physics.
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Chapter 2

Stimulated inter-modal Brillouin

scattering in silicon

2.1 Introduction

As we explored in Chapter 1, silicon’s unique photo-elastic properties make it well suited
to Brillouin processes in which pump and Stokes waves co-propagate in a forward scat-
tering geometry. While these interactions can be strong, the phase-matching conditions
fundamentally couple the Stokes and anti-Stokes processes in ways that require new strate-
gies to adapt to laser and amplifier technologies. For example, as we derived, engineering
Brillouin coupling between distinct optical spatial modes through inter-modal Brillouin
scattering changes the dynamics profoundly, yielding single-sideband gain similar to con-
ventional backward stimulated Brillouin scattering. This device physics is within reach if
we can develop (1) silicon-based optomechanical waveguides that support large inter-modal
couplings and (2) robust mode multiplexers to individually address each optical spatial
mode.

Here we demonstrate stimulated inter-modal Brillouin scattering on-chip for the first
time. Our monolithic silicon system consists of a multimode optomechanical waveguide
that is interfaced with two integrated mode multiplexers. As illustrated by Fig. 2.1B-C,

these multiplexers permit efficient and low-crosstalk coupling of pump (wp,) and signal waves
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(ws) into the TE-like symmetric (E; (ry )e™*(“)?) and antisymmetric (Eo(r )et*2 (@)2) optical
spatial modes of the multimode optomechanical waveguide, respectively. This Brillouin-
active segment of the device is also designed to support a Lamb-like elastic wave u(r 1)tz
that produces large opto-acoustic overlap. When energy conservation is satisfied (i.e., wp =
ws +§B), this traveling elastic wave mediates large inter-modal Brillouin coupling, resulting
in significant energy transfer from the pump to signal wave (see Fig. 2.1A).

In what follows, we detail important considerations for (1) the integrated mode multi-

plexers and (2) the multimode Brillouin-active waveguide.

2.1.1 Integrated mode multiplexers

We employ mode-selective directional couplers to multiplex light into two distinct spatial
modes of the multimode optomechanical waveguide [100,101]. Our design consists of a
multimode waveguide of width w; and a single-mode bus waveguide of width wp that are
permitted to couple over a region of length L.. As illustrated by Fig. 2.2a, light propagating
in the single-mode bus waveguide (port 2) is converted into the antisymmetric spatial mode
of the multimode waveguide while light injected in the symmetric spatial mode of the
multimode waveguide (port 1) remains in the same spatial mode. With proper design
parameters, these couplers yield minimal crosstalk due to phase matching. From spatial
coupled mode theory [101], we can show that the fraction of light coupled (C) into the

higher order mode is given by

C =2 gink, (2.1)
ko

where ko is defined by ko = (k12k91 + (k1(w) — ka(w))?/2)'/2. Here the subscripts 1 and 2
denote the symmetric mode of the bus waveguide and antisymmetric mode of the multimode
waveguide, 12 and kg are the evanescent coupling rates, and ki(w) and kp(w) are the
propagation constants of the modes of interest. Eq. 2.1 predicts maximal (unity) coupling
when k;(w) = k2(w), a condition that is satisfied when the effective optical indices of the
bus and desired mode of the multimode waveguide are equal. It also highlights that both

the magnitude and phase of the coupling vary dramatically with effective index mismatch,

31






permitting large coupling into the desired mode with little crosstalk to other spatial modes.
Thus, for high-fidelity mode multiplexers, we seek to simultaneously (1) match the effective
index of the single-mode bus waveguide to the effective index of the antisymmetric waveguide
mode and (2) create a large index mismatch to prevent undesired coupling to other modes.

We optimize our device parameters through a combination of FDTD simulations (Lumer-
ical 2.5D FDTD) and fabrication splits. Before the mode multiplexer, each port (see insets
of Fig. 2.3A,C) begins as a single-mode (450 nm wide) ridge waveguide. To illustrate, we
give typical design parameters that yield good performance. The upper waveguide (port 1)
is tapered to a multimode width of 1.5 um while the lower bus waveguide (port 2) is tapered
to a width 635 nm such that its effective index closely matches that of the antisymmetric
mode of the 1.5 pm waveguide. Using the process outlined in Appendix A, we fabricate the
mode multiplexers on a silicon on insulator (SOI) platform using standard SOI techniques.
In practice, these directional couplers optimally produce approximately 80% coupling from
the bus to the antisymmetric waveguide mode.

Each multiplexer is paired with an identical coupler that demultiplexes the two modes
into two spatially separated single-mode waveguides. Through use of a spatial mode filter,
any residual light in the antisymmetric waveguide mode that has not been demultiplexed is
radiated away at the output (labelled O-1 in Fig. 2.3). Ideally, each port of the multiplexer
couples uniquely to its respective mode. In practice, some small amount of light is multi-
plexed (demultiplexed) into the incorrect mode (port). Figure 2.3A shows a schematic for
the crosstalk measurement and the crosstalk for a typical mode multiplexer and demulti-
plexer in series. These devices admit typical < —15 dB of crosstalk per coupler over large
bandwidths, allowing us to address each optical spatial mode of the multimode optome-

chanical waveguide with high fidelity.

2.1.2 Multimode optomechanical waveguide for stimulated inter-modal

Brillouin scattering

Our multimode Brillouin-active waveguide consists of a 1.5 pwm ridge waveguide atop a 2.85
um suspended acoustic membrane (see Fig. 2.4A-D). This optomechanical structure guides

low-loss TE-like symmetric and antisymmetric spatial modes, with effective phase indices
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of 2.8 and 2.7. Simulated electric field profiles for these two fields are displayed in Fig.

Pump and signal waves in the symmetric and antisymmetric spatial modes, respectively,
produce a time-modulated force profile plotted in Fig. 2.4Div, which drives a Brillouin-
active 6-GHz Lamb-like elastic wave with excellent spatial overlap (compare Fig. 2.4Div
with Fig. 2.4Dv). Since this is a phase-matched process, the phonon wavelength also
matches the characteristic optical beat length, as illustrated by Fig. 2.4E-G. Through the
self-reinforcing stimulated process, this system supports large (Gg = 430 £ 70 W lm™1,
simulated) inter-modal Brillouin coupling.

We fabricate devices from a single-crystal silicon-on-insulator (SOI) wafer through a two-
step electron-beam lithography process followed by a HF wet etch release (see Appendix
A for more details). The Brillouin-active segment is 2.3 cm-long and is comprised of 436

suspended segments supported by an array of nano-scale tethers placed every 50 um.

2.1.3 Experimental characterization

We characterize inter-modal Brillouin scattering within our waveguide system using heterodyne-
based Brillouin spectroscopy, as diagrammed in Fig. 2.5A. All experiments are performed
at atmospheric pressure and room temperature. In this system, pump and signal waves
are synthesized from the same continuous wave telecom source of frequency wp; pump light
is amplified to a desired power level using an erbium-doped fiber amplifier and variable
optical attenuator, while signal light is generated from an intensity modulator sideband of
frequency wp — €, where  is the microwave-frequency drive. Pump and signal waves are
subsequently coupled on-chip through distinct grating couplers, which channel light into
the respective symmetric and antisymmetric spatial modes of the Brillouin-active waveg-
uide through integrated mode multiplexers. Transmitted signal light is coupled off-chip and
combined with a blue-shifted local oscillator (A = 27 x 44 MHz) and detected on a high-
speed photo-receiver. We sweep the microwave drive frequency €2 and synchronously detect
at Q0 + A using a spectrum analyzer, allowing us to characterize Brillouin gain spectrum
with Hz-level resolution.

Figure 2.5B plots the stimulated inter-modal Brillouin gain spectrum taken over a 9-GHz
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range. A number of Brillouin-active modes (labelled B1-B9) with distinct flexural, longi-
tudinal, and shear character are observed, each with varying degrees of Brillouin coupling.
Consistent with our multi-physics simulations, the elastic mode centered at 6.03 GHz yields
the largest Brillouin gain. For the remainder of this section, we focus our characterization
on this high-gain Brillouin-active mode.

Due to the dispersive symmetry breaking produced through phase matching, inter-modal
Brillouin scattering produces single-sideband gain—in sharp contrast with the dual-sideband
dynamics of forward intra-modal Brillouin scattering. We verify this property by analyzing
light both at the red and blue-shifted frequencies as we tune the signal frequency through
the Brillouin resonance condition. As we increase the pump power, we observe that, while
the red-shifted signal wave is amplified, the blue-shifted light does not experience gain,
revealing the characteristic single-sideband nature of this process.

We next characterize the power-dependent Brillouin gain and net amplification provided
by stimulated inter-modal Brillouin scattering. We perform nonlinear laser spectroscopy on
the 6-GHz Brillouin resonance as we increase the pump power over a range of values (see
Fig. 2.6B). Figure 2.6Ai-iii plot 3 such spectra with pump powers of 11 mW, 43 mW, and 88
mW, respectively. These spectra reveal a resonance full-width half-maximum (FWHM) of
13 MHz, corresponding to an acoustic quality factor of @ = Qp/AQ = 460. At a maximum
on-chip power of 88 mW, we observe a peak gain of more than 3.5 dB.

To determine the degree of net amplification (i.e., gain relative to total loss), we perform
a series of linear and nonlinear loss measurements. Length-dependent passive ring resonator
measurements reveal linear propagation losses of 0.24 & 0.02 dB/cm and 0.3 +0.12 dB/cm
for the symmetric and antisymmetric spatial modes, respectively. Nonlinear losses—arising
primarily from two-photon-absorption (TPA) and TPA-induced free carrier absorption—are
determined from a combination of finite-element simulations and power-dependent intra-
and inter-modal transmission measurements. Figure 2.6C incorporates these loss mecha-
nisms to calculate the overall amplification of the signal wave. At the highest pump powers,
a maximum 3.5 dB of Brillouin gain translates into more than 2.3 dB of net amplification.
These measurements, together with our comprehensive loss model, reveal a Brillouin gain

coefficient of Gg = 470+30 W~ lm™!, in good agreement with our multi-physics simulations
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(Gp =430+ 70 W lm™1).

2.2 Outlook: inter-modal Brillouin scattering in silicon

In this chapter, we have demonstrated stimulated inter-modal Brillouin scattering for the
first time on chip [29] and harness this interaction to achieve more than 3.5 dB of gain
and 2.3 dB of net amplification within an all-silicon waveguide. More generally, we show
that inter-modal interactions allow us to shape the Brillouin dynamics as the basis for new
silicon-based photonic systems. Here, through a form of dispersive symmetry breaking, we
are able to decouple the Stokes from the anti-Stokes process, permitting single-sideband
Brillouin gain for the first time in silicon photonics.

These inter-modal nonlinearities open the door to powerful new silicon photonic ampli-
fier technologies. The inherent single sideband nature of this process produces no spurious
sidebands that would otherwise encumber amplifiers based on forward intra-modal stimu-
lated Brillouin scattering [23,72]. Moreover, the new modal degrees of freedom allow us
to individually address and independently route pump and signal waves. Using integrated
mode multiplexers, the residual pump can be suppressed by more than 25 dB, highlight-
ing the potential for straightforward and modular implementation within integrated silicon
photonic circuits.

As we will see in Chapter 3, this interaction is an important step towards the first
generation of silicon-based Brillouin lasers. The intrinsic single-sideband gain provided
by stimulated inter-modal Brillouin scattering avoids the need for exotic optical resonator
geometries that would otherwise be necessary to reach the laser threshold condition with
intra-modal forward Brillouin scattering. Moreover, the inter-modal nature of the inter-
actions opens the door to a range of flexible device concepts that leverage mode-specific
control, allowing us to tailor the laser dynamics in new and powerful ways.

This new on-chip scattering process is also an essential resource for the development of
non-reciprocal optical technologies in silicon. Recent proposals based on time-modulation
have suggested the use of phase-matched inter-modal nonlinearities to break reciprocity

[32,102], with the potential for ultra-wide non-reciprocal bandwidths [32,102]. To this end,
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stimulated inter-modal Brillouin scattering can be viewed as a form of unidirectional mode
conversion with an asymmetric scattering matrix [31]. Together with high-performance
mode multiplexers, this new scattering process is a crucial step towards isolators and cir-
culators in silicon photonics.

Our ability to translate this device physics into useful Brillouin-photonic technologies
will depend upon the extent to which we can control and manipulate these inter-modal
interactions. In subsequent chapters, we will develop a variety of strategies to design these
Brillouin dynamics according to the desired application. We will use optical feedback to
achieve laser oscillation and enhanced amplification (Chapters 3, 4 and 6), design active
silicon photonic devices that permit dynamical control of phase and nonlinear loss (Chapters
5), harness spontaneous anti-Stokes processes to engineer noise and dissipation (Chapter 8),
and explore mid-infrared wavelengths to radically enhance the available nonlinear coupling
strengths (Chapter 9). Together, these new degrees of freedom lay the groundwork for a

new range of powerful, CMOS-compatible, Brillouin-based technologies.
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Chapter 3
Brillouin lasing in silicon

3.1 Introduction

The use of optical nonlinearities as laser gain media has given rise to a varied array of opti-
cally pumped laser oscillators [12], from tunable optical parametric oscillators (OPOs) [103]
to femtosecond laser sources [104]. Within the context of photonic technologies, these di-
verse laser systems—each with unique properties and use cases—have become a key resource
to tailor the spectral and coherence properties of light for applications ranging from preci-
sion spectroscopy [16,105,106] to time-keeping [107].

Among nonlinear-based laser oscillators, Brillouin lasers offer a range of flexible, high-
performance dynamics, from frequency-tunable laser emission [52] to mode-locked pulsed
operation [108]. In particular, one of the most widely-used characteristics of Brillouin-
based laser systems is their ultra-low-noise properties, with intrinsic linewidths that can
approach the Schawlow-Townes limit [81,109,110]. As discussed in Chapter 2, however, the
prospect of silicon-based Brillouin lasers has been out of reach due to two major challenges:
(1) substrate induced acoustic dissipation that prevents appreciable Brillouin couplings in
conventional silicon photonic waveguides and (2) intrinsic coupling between Stokes and
anti-Stokes processes in forward intra-modal SBS that make it nontrivial to reach the laser
threshold.

In this Chapter, we overcome these challenges by leveraging the large coupling strengths

and single-sideband dynamics of stimulated inter-modal Brillouin scattering (SIMS), de-
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scribed in Chapter 2, to demonstrate Brillouin lasing in silicon. Combining the dispersive
symmetry breaking provided by SIMS with high-Q multimode racetrack resonators, we are
able to achieve large Brillouin gains with low-loss, enabling laser thresholds as low as 11
mW. Moreover, the single-sideband gain and new modal degrees of freedom allow us to
develop a robust and highly engineerable Brillouin laser concept that is well-adapted to
scalable integration within complex silicon photonic circuits. We also explore in depth the
unique and unusual spatio-temporal dynamics of the system, which reveal a form of optical
self-oscillation that produces phonon linewidth narrowing—in close analogy with an unusual
limit of OPO physics. We will see that this unconventional behavior is made possible by
the exceedingly large Brillouin gain and the disparate velocities of light and sound in the

system.

3.2 Inter-modal Brillouin laser concept and basic operation

We first describe the essential device concept and operation of our silicon Brillouin laser.
The racetrack laser cavity shown in Fig. 3.1A is formed from a multimode waveguide that
supports low-loss guidance of both symmetric (red) and antisymmetric (blue) TE-like spatial
modes. In this resonant geometry, these two spatial modes yield two corresponding distinct
sets of high quality-factor cavity modes. The Brillouin-active regions (dark gray) along
the racetrack straights allow the two optical spatial modes to nonlinearly couple through
stimulated inter-modal Brillouin scattering (SIMS), as described in Chapter 2. When the
Brillouin gain from SIMS is able to compensate for the round-trip optical loss, Brillouin
laser oscillation occurs, yielding coherent laser emission at the Stokes frequency ws. In the
following, we give more details on the Brillouin-gain regions and the multimode resonator

properties.

3.2.1 Single-sideband gain through inter-modal Brillouin scattering

As mentioned, optical gain required for laser oscillation is supplied by stimulated inter-modal

Brillouin scattering within the the Brillouin-active segments (dark gray) of the racetrack
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Figure 3.1: Inter-modal Brillouin laser device concept and operation scheme. (A) Diagram
of laser cavity (not to scale) with pump and Stokes waves indicated diagrammatically. The
Brillouin laser geometry is comprised of a multimode racetrack cavity with two Brillouin-
active regions (dark gray). Pump light (blue) is coupled into the antisymmetric spatial mode
of the racetrack resonator via a single-mode bus waveguide (directional coupler). Within
the racetrack straights, a SIMS-active phonon mediates energy transfer from the pump
wave (antisymmetric waveguide mode) to the Stokes wave (symmetric waveguide mode).
(B) Idealized dispersion relations for the two optical modes and (C) the Brillouin-active
elastic mode of the waveguide. This system supports a phase-matched interaction in which
pump light with frequency wp, and wavevector kp (plotted as an open circle to indicate
initial state) scatters to the Stokes wave with frequency ws and wavevector ks (final state
indicated by a closed circle). Here, the Brillouin-active phonon vector defined by (¢(£2),2)
must connect the initial and final optical state coordinates. As highlighted by the red no
symbol, this phonon, once excited cannot mediate the anti-Stokes process as there is no
optical dispersion relation that can satisfy phase matching. (D) and (E) illustrate SIMS
energy transfer in the Brillouin-active racetrack straight where an acoustic phonon mediates
pump depletion and Stokes growth. Reproduced from Ref. [96].
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resonator (Fig. 3.1D). In the standard mode of operation, a pump wave traveling in the
antisymmetric mode (wp) produces amplification of the Stokes wave propagating in the
symmetric mode (ws) (see Figs. 3.1D-E). This particular configuration is chosen such that
the Stokes wave propagates in the waveguide mode with the least propagation loss. Note
that while opposite of the configuration described in Chapter 2, the dispersive symmetry
breaking and single-sideband dynamics are functionally equivalent, as we will see below.
Nonlinear coupling from stimulated inter-modal Brillouin scattering is conditioned on
both the energy conservation (wp = ws + 28) and phase-matching conditions (kz(wp) =

k1(ws) + ¢(B)). Combining these two requirements yields

ka(wp) = k1(wp — O2B) + (). (3.1)

As discussed in Chapter 1, these conditions can be succinctly represented using the 2-
dimensional diagram shown in shown in Fig. 3.1B-C. The acoustic phonons that mediate
stimulated inter-modal Brillouin scattering must belong to the acoustic dispersion curve,
q(Q?), (Fig. 3.1C) and bridge the frequency and wavevector gap between the initial (open
circle; (k2(wp),wp)) and final (solid circle; (k2(wp),wp)) optical states that lie on the disper-
sion curves for the antisymmetric and symmetric optical spatial modes, respectively. Since
the effective optical index of refraction is larger for the symmetric spatial mode, this means
that the Brillouin-active phonon in this configuration must be backward propagating. Note
that this phonon cannot mediate the anti-Stokes process (for further discussion, see Chapter

1), which would require a forward-propagating phonon.

3.2.2 Multimode racetrack resonator properties

We next detail the linear optical properties of our racetrack system. Here, the two different
propagation constants of the symmetric (k;(w)) and antisymmetric (k2(w)) spatial modes

yield two distinct sets of resonance conditions within a cavity of circumference L, namely

ki(wl)L = 27n (32)

ka(wq*)L = 27m,
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where {w]} and {w]"} are the resonant frequencies of the cavity modes produced by the
symmetric and antisymmetric optical spatial modes of the waveguide. Fig. 3.2A-B depicts
the distinct resonance conditions and idealized transmission spectrum for each transverse
spatial mode. The directional coupler depicted in Fig. 3.1A provides evanescent coupling to
both spatial waveguide modes.! Thus, sweeping the optical frequency yields a characteristic

multimode spectrum of the type illustrated in Fig. 3.2C.

3.2.3 Condition for laser oscillation

As we discuss in Section 3.4.1, the conditions for laser oscillation are met when the Brillouin
gain supplied through stimulated inter-modal Brillouin scattering matches the round-trip
loss for the Stokes wave. Within this inter-modal system, we inject pump light (of power P;)
into an antisymmetric cavity mode (w%) that is separated in frequency from a symmetric
cavity mode (w]") by the Brillouin frequency (i.e., w§*—w} = QB). Above the laser threshold,
laser oscillation of the Stokes wave is initiated by thermal-mechanical fluctuations. Stokes

radiation is then emitted from the cavity through the directional coupler.

3.2.4 Advantages relative to conventional BSBS lasers

We pause here to discuss the unique properties and fundamental distinctions of this Bril-
louin laser design relative to prior Brillouin laser systems. As described above, this silicon
Brillouin laser is based on a forward inter-modal Brillouin process, yielding Stokes emis-
sion in the forward direction. This is entirely different from conventional Brillouin lasers
based on backward SBS, which produce Stokes laser emission in the backward direction.
When assessing the prospect of integration on-chip, this conventional backward propagat-
ing operation presents a significant challenge; such Brillouin lasers would likely require
on-chip circulators and isolators—components that are not widely available in integrated
photonics—to protect the pump laser from unwanted feedback. In this context, the forward-
scattering geometry enabled by this new inter-modal Brillouin laser concept avoids the need

for isolators or circulators, making integration practical and feasible for the first time.

1. The design and coupling rates are similar to those of the mode multiplexer presented in Section 2.1.1.
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Furthermore, this inter-modal Brillouin laser offers new degrees of design and control
that are not possible with conventional Brillouin lasers based on BSBS. In particular, the
multimode nature of the inter-modal Brillouin design gives us the potential to independently
access the pump and Stokes modes; we utilize these new degrees of freedom in Chapters 4-6.
Additionally, this multimode geometry allows us to independently control the dissipation
rates of and relative spacing between pump and Stokes modes. This is in stark contrast to
traditional BSBS lasers, where the pump and Stokes circulate within cavity modes produced
by the same spatial waveguide mode, and as such, there is little control over the relative
dissipation rates. In this BSBS case, the pump and Stokes waves have near-identical dis-
sipation rates, as shown in Fig. 3.3A, which can actually limit performance. For instance,
if the Stokes wave becomes strong enough in conventional systems, it can reach the lasing
threshold to produce cascaded energy transfer to successive Stokes orders (see Fig. 3.3A).
In contrast, this inter-modal system allows us to precisely control the degree to which cas-
cading can or cannot occur. For example, by tailoring the Q-factor of the pump wave, we
can precisely engineer the Stokes-power threshold required for cascaded energy transfer. Al-
ternatively, we can completely suppress cascading by engineering the mode spectrum such
that the 274 Stokes order wave is not supported by a cavity mode, as shown in Fig. 3.3B.
In this way, we are able to completely suppress cascading in our system.

This inter-modal laser concept also offers flexibility in design and performance that
would otherwise be difficult to achieve with conventional Brillouin lasers based on BSBS. In
particular, since amplification in this laser system is produced through a form of guided-wave
form of Brillouin scattering, it is quite straightforward to change the resonance frequency,
Brillouin coupling, and even acoustic dissipation rate through geometry [30,111]. Addi-
tionally, the multimode nature of this inter-modal Brillouin interaction permits remarkable
flexibility in the laser cavity design relative to BSBS systems. In conventional lasers based
on BSBS, the Brillouin frequency must equal an integer number of the FSR of the cav-
ity, constraining the cavity length to L = 27nuvg/{}g, where n is an integer. By contrast,
this new inter-modal Brillouin laser concept permits a cavity length that is entirely uncon-
strained; since the group velocities of the symmetric and antisymmetric spatial modes are

distinct, the spacing between modes changes with frequency. As a result, there will always
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exist a pair of modes that satisfies the Brillouin condition regardless of the cavity length.
This new degree of freedom gives us great flexibility in the laser design. For example, by
reducing the footprint and increasing the cavity finesse, we can significantly increase the

resonant pump-power enhancement, thereby dramatically lowering the laser threshold.

3.3 Results: Laser characterization

We fabricate silicon-based inter-modal Brillouin laser devices using a standard silicon-on-
insulator (SOI) process (see Fig. 3.4A and Fig. 3.5; also Appendix A). The laser cavity is
formed from a multimode waveguide that is fashioned into a racetrack geometry. Through
total internal reflection, this silicon waveguide supports low-loss propagation of TE-like sym-
metric and antisymmetric spatial modes. Within the Brillouin-active regions of the device
(Fig. 3.4B), the oxide undercladding is removed such that the optomechanical structure
also guides a 6-GHz elastic wave that mediates large Brillouin coupling. This waveguide is
mechanically supported by an array of nano-scale tethers, as shown in Fig. 3.4A, and the
cross-sectional geometry is chosen after the same design described in Chapter 2, yielding
a Brillouin gain of Gg = 470 W lm™! with a bandwidth (acoustic linewidth) of approxi-

mately 13 MHz.

3.3.1 Passive optical properties

The design of the silicon laser resonator (diagrammed in Fig. 3.4A) (1) yields numerous
pairs of modes that satisfy the Brillouin condition and (2) maximizes the Brillouin gain while
minimizing the optical loss. The experimental parameters for this system are contained in
Appendix B. In particular, the device we characterize in this Chapter has a circumference
of 4.576 cm (see Fig. 3.5), yielding cavity free spectral ranges (FSRs) of 1.614 GHz and
1.570 GHz for the symmetric and antisymmetric modes, respectively. Thus, since the group
velocities and FSRs differ by 3.1%, pairs of symmetric and antisymmetric cavity modes that
satisfy the Brillouin condition occur every 0.4 nm. Of the entire device circumference, more
than 97% is suspended in order to maximize the Brillouin gain supplied by stimulated inter-

modal Brillouin scattering. In addition, the aforementioned directional coupler is designed
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to preferentially couple to the antisymmetric spatial mode. This design ensures that we
can readily couple the pump wave into an antisymmetric cavity mode while only nominally
increasing the symmetric mode loss rate, keeping the laser threshold within reach.

We determine both the linear losses and the directional coupler properties from passive
transmission spectra in conjunction with our theoretical model (see Supplementary Mate-
rials Section 3 of Ref. [96]). Through these measurements, we identify optical Q-factors
for the cavity modes produced by the symmetric and antisymmetric waveguide modes of
2.4 x 10% and (4 x 10%), respectively. Fitting the transmission spectra also reveals bus-ring
coupling of p? = 0.06 (3 = 0.71) and linear loss rates of 0.26 dB cm™! (0.69 dB cm™?)
for the symmetric (antisymmetric) mode. Taking into consideration the Brillouin gain of
the system (see Chapter 2), we estimate a threshold pump power as low as 9 mW (18 mW

intracavity).

3.3.2 Laser threshold, slope efficiency, and spectrum

A characteristic laser chip under test is shown in Fig. 3.5. Experiments are conducted
at room temperature using the apparatus in Fig. 3.6A. A continuous-wave (CW) pump
wave (wp) is generated by a tunable external cavity laser (Agilent 81600B) around a vac-
uum wavelength (Ap) of 1535 nm. The pump power is controlled by an erbium-doped fiber
amplifier (EDFA) and a variable optical attenuator. To initiate laser oscillation, the pump
wave is coupled into an antisymmetric cavity mode that is separated in frequency from a
symmetric cavity mode by the Brillouin frequency. As the pump wave power is increased,
spontaneous Stokes scattering from thermal-mechanical noise becomes coherent laser os-
cillation above the laser threshold. The Stokes radiation is then emitted from the cavity
through the directional coupler, and subsequently routed off-chip for heterodyne spectral
analysis.

Fig. 3.6A diagrams the experimental apparatus used for high-resolution spectral analysis
of the emitted Stokes light. We use a frequency-shifted reference (wp + 27 x 44 MHz) as an
optical local oscillator (LO) for heterodyne spectroscopy. Using a high-speed detector and
radio-frequency spectrum analyzer, this approach allows us to measure both the spectrum

and total power of the emitted Stokes light in the microwave domain.
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We use this heterodyne scheme to perform power and linewidth measurements of the
output Stokes wave as a function of injected pump power. Figure 3.6C plots the emitted
Stokes-wave power as the pump-wave power is increased. This slope efficiency data exhibits
a threshold value of 10.6 mW (19 mW intracavity) and a slope efficiency of 3%. We also
observe dramatic spectral narrowing of the heterodyne spectrum above the laser threshold,
compressing a 13 MHz spontaneous spectrum to a resolution-bandwidth limited value of 20

kHz (3.6B).

3.4 Spatio-temporal dynamics

We next present an analytical framework to capture the spatio-temporal dynamics of this
system. We first explore the spatial dynamics of this Brillouin laser through a steady-state
analysis. This approach allows us to identify the origin of laser oscillation in this system
and derive the threshold condition. We also show that the spatial behavior of this system is
characteristic of other Brillouin lasers. Following our investigation of the spatial dynamics,
we make a series of approximations to develop a mean-field model of the laser physics — a
reduction that is sufficient to capture the salient temporal dynamics and linewidth narrowing
properties. In particular, we show that in contrast to the temporal dynamics conventionally
exhibited in Brillouin lasers, optical self-oscillation in this system yields phonon linewidth

narrowing.

3.4.1 Spatial dynamics

In virtually all Brillouin systems, the phonon field decays rapidly in space (~ 100 pm)
relative to the optical fields (see also Chapter 1). As such, the phonon field can be adiabat-
ically eliminated in space; to an excellent approximation, the phonon field can be described
by local optical beat note between pump and Stokes fields (see also Section 1.3.2). These
dynamics naturally result in exponential spatial amplification for the Stokes field [12,13]. In
the following, we show that the spatial dynamics of this silicon Brillouin laser are consistent
with other Brillouin lasers. We also derive the threshold condition and show that laser

oscillation occurs when round-trip optical Brillouin gain balances round-trip optical loss of
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the Stokes wave.
We begin our analysis with the envelope equations of motion [75,77] described in Chapter

1, given by

. 1
Ap +iwp Ap + vg p Ay, + §'ug,papAp = —igspAsB (3.3)
: 1
As + iws Ag + vg s AL + Evg,sasAs = —z'g;pApBT (34)
. 1
B+ (i + 5T)B - vgbB' = —igl  ApAl, (3.5)

where ()’ denotes the partial spatial derivation 0/8z; Ap, As, and B describe the spatio-
temporal dynamics of the pump, Stokes, and phonon fields (without explicit reference to
the arguments (z,t)), each with natural frequencies wy, ws, and Qp, respectively. gsp is
the traveling-wave elasto-optic coupling rate, vgp (vgs) is the group velocity of the pump
(Stokes) field, vgp is the group velocity of the phonon field, and oy, (as) is the spatial
decay rate of the pump (Stokes) field in the inter-modal waveguide. For the moment, we
neglect noise to simplify our analysis of the laser threshold condition. We return to the
noise dynamics for our mean-field analysis of the temporal dynamics in Section 3.4.2.

We derive the steady-state spatial dynamics of the Brillouin laser system by moving to

the rotating frame such that

Ap(z,t) = Ap(z,t) exp (—iwst) (3.6)
As(z,t) = As(t) exp (—iwpt) (3.7)
B(z,t) = B(z,t) exp (—ifgt), (3.8)

where A (z,t), As(2,t), B(z,t) are now the slowly varying envelopes in space and time.? For
simplicity, we next assume that the resonant Brillouin condition is satisfied (i.e., wp = ws +
Og) and that the pump remains undepleted below the laser threshold (i.e., Ap(z,t) = Ap).

Analyzing the system in its steady state yields

2. We remind the reader that, as in Chapter 1, we have factored out the phase associated with the central
wavevector of each field.
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_ A |
vgsAL = —zgs’pApBT — ivg,sasAs (3.9)

_ _ 1. —
—vgpB' = —igl , ApAl — 5TB. (3.10)

From these governing equations, the integral solution B(z) is given by

_ —igt A, (E - D(z=z')

B(z) = _epfe / i AL ()e v (3.11)
'Ug’b z

By recognizing that the Stokes wave varies very slowly compared to the spatial decay

length of the phonon field, we are able to pull the Stokes envelope out of the integral under

the Markov (two-scale) approximation, resulting in a simple spatial solution of the phonon

field:

_ _2’ * _ —I(L—=z
B(z) = 224 Al()(1 - Mo ). (3.12)

In the case that the device length far exceeds the phonon coherence length (i.e., (L—2z) >

3‘%&, well-satisfied in the present system), we can approximate the phonon field as

_2igr
B(z) & %APA;(Z). (3.13)

Equation 3.13 reveals that the phonon field strength at z (B(z)) is given by the local
pump-Stokes beat note Apfﬂ (2). These spatial dynamics are common to practically all
Brillouin systems, as discussed in standard nonlinear optics textbooks (see [12,13]). We
can now insert our solution for B(z) into the equation of motion for the Stokes field, which

becomes
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2goplApl” 7 s 5

4! = As. 14
A Vgl s 97F® (3.14)

We recast Eq. 3.14 in terms of the Brillouin gain coefficient defined by Gp = 4|gs p|?

/ (Awpl'vg 10g,2).2 With this substitution, the solution to Eq. 3.14 is given by

Ay = C1eTHE-%)2, (3.15)

where the boundary conditions determine the value of C;. The Stokes cavity is formed by
fashioning a multimode waveguide into a racetrack ring configuration with an input/output
coupler. Consistent with the physical parameters of the device under study, here we apply

no acoustic feedback.# The boundary condition is therefore expressed as

Ag(0) = —ipAsin + rAs(L). (3.16)

Here, 2 represents the coupling into/out of the ring and r parameterizes the fraction
of light that feeds back into the ring after the coupler (7 =+/1 — 42). In our laser, there is
no input Stokes light, and thus in this simple analysis, Agji, is a proxy for the noise that
initiates laser oscillation. Applying this boundary condition, we find that the solution for

the Stokes field envelope is given by

_illlAs,in (GBPIZ—as)z

(GgPp—as)L
1—re 2

As(z) = (3.17)

This is the main result of this section. Here we wish to make a couple of important

3. We can reparameterize the Brillouin gain by noting that P, = Fwpvg,2|Ap|® such that Gg =
4|gS,P|2|Ap|2/PpFUg,1-

4. Given the racetrack bends are not suspended (i.e., do not support long-lived traveling elastic waves),
the total round-trip acoustic attenuation is in excess of 10,000 dB.

58



observations. From Eq. 3.17, we see that the field diverges when GgpPp = o5 + %log % In
other words, the Stokes field experiences a pole on the real axis (a lossless state) when round-
trip Brillouin gain matches the optical round-trip loss [112]; a condition that pushes the
system into optical self-oscillation. This is the threshold condition for Brillouin lasing [13].

From Eq. 3.13, we note that above threshold, optical self-oscillation also dramatically
increases the phonon field strength. Since the phonon field is spatially heavily damped,
the spatial dynamics are determined by the local optical driving force (o< Ap(z)fil(z),
which radically increases in magnitude above threshold. Thus, because the phonon field
mediates coupling between the pump and Stokes waves, phonon emission can be viewed as
a byproduct of Stokes laser-oscillation (much like the idler in a singly-resonant OPO). Thus,
in general, Brillouin lasers require only an optical cavity for the Stokes field; no phonon

feedback is necessary for laser oscillation to occur.

3.4.2 Mean-field analysis

We next develop a time-dependent mean-field model to analyze the temporal dynamics of
the system. This approach adapts well-known techniques in solid-state physics [113-115] to
simplify the coupled Brillouin equations by averaging the field values over the spatial degrees
of freedom [116,117]. This model can be derived by again starting from the slowly-varying

envelope dynamics of these fields [75,77] given by

i . 1 . 1
Ap +iwp Ap + vg p AL + 5Vep0pAp = —igspAsB + \/—ffp(z, t) (3.18)
S 1 . 1
As + iwsAg + 'Ug,sA,s + ‘é‘vg,sasAs = _ng,pApBT + ﬁgs(za t) (319)
: . 1 - 1
B+ (i + 5T)B + vgp B' = —ig; JAp Al + —\/fn(z, t). (3.20)

Here, we introduce Langevin forces &,(z, t), &(2, t), and n(z, t) that represent the thermal
and vacuum fluctuations of the pump, Stokes, and phonon fields. These Stochastic terms are
locally correlated in both space and time, such that (n(t, 2)n(t’, 2')) = LTns(t—t')6(z—2").

Under the mean-field approximation, we eliminate the spatial dependence of the fields

by averaging over the spatial extent of the racetrack resonator. In the case of the pump,
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the mean-field value is given by

L
A t) = %/0 dz Ap(z,t). (3.21)

Now, we use the same approach to simplify the equation of motion for the pump wave,

yielding

; . v, 1 ) 1

If we assume that the field envelopes change minimally over the length of the device,
we can apply the following boundary condition A,(0) = 7pAp(L) — iptpAext, Where py is
the bus ring coupling and ry, is defined by r, = /1 — ,ug. Here, Aeyxt represents the mode

envelope of the injected pump. When the fields are simultaneously resonant, we find

AB~ AB (3.23)

Ap(L) — Ap(0) =~ ipipAext + (1 — rp) Ap(L). (3.24)

where the first line assumes the Stokes and phonon amplitudes are nearly constant in space.
The second line is approximately true in the case of low optical propagation loss.

We further simplify these equations by approximating r, —1 as Inrp, and taking Ay (L) ~
A

_p'

Ap(L) — Ap(0) = ippAext — InTpA,,. (3.25)

These substitutions allow us to group together the intrinsic propagation losses and
external coupling losses. We apply this same treatment to the Stokes and phonon fields,

yielding the coupled mean-field equations

60



: 1 2 , Vg,
Ay + §”g,p(0‘p T In rp)Ap = —igspAsB — Z—ng frpAext + \/* (3.26)
. 1 2 1
A+ §Ug,s(06s -7 Inr)As = —igs pA, B + ﬁés (3.27)
1
B+ (iQ8 + I)B = —i§* A, Al + —=n. (3.28)

VL~

From here, it is straightforward to re-write these expressions as the Langevin equations
produced by coupling of normal modes.

We first find the correlation function of the mean-field Langevin force n(t)

(' (n(t)) = / dz / 4z (nt(t, 2)n(t’, ) (3.29)
/ dz/ dz' Tnihs(t —t)6(z — 2) (3.30)

=Tnths(t — (3.31)

Next, we define a, = \/EAP (and similarly for the other fields). We also note that
the total decay rates of the optical modes are given by vp = vgp(0p — %ln rp) and ¥ =
Vgs(as — £ In7g). These notational simplifications lead to the coupled mean-field equations
of motion, upon which we base our model of the temporal dynamics of laser oscillation.

These equations are given by

ap = — (iwp + Yp/2) ap — igash + 7PaleJXt/2 +&

Mean-field equations of motion = § 4, = — (iws + 7s/2) as — ig*apr + &

b=— (i +T/2)b— igapal + 7,

(3.32)

where g = gs,/V/L is the distributed optomechanical coupling and a$** is the externally
sourced pump field. The lumped-element noise terms &p, &, and 7 are zero-mean Gaussian

random variables that represent thermal and quantum fluctuations of each field (we have
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dropped the underline for simplicity of notation). These Langevin terms have correlation

properties given by

(EhH&(¥)) = ppnidslt = ¢) (3.33)

(El®)&(t)) = enialt — ) (3.34)

(n'(O(t)) = Tnis(e — ¢, (3.35)

where nf)h, ngh, and ntBh are the thermal occupation number given by the Bose distribution,

in accordance with the fluctuation-dissipation theorem.

Assumptions of the mean-field model

We pause here to discuss the assumptions implicit in this mean-field approximation. First,
this mean-field approach requires that the coherence length of the optical fields extend be-
yond the total circumference of the resonator. In this inter-modal silicon Brillouin laser, this
condition is easily met by the high-Q symmetric cavity mode (Stokes) and approximately
satisfied by the pump mode.

These same conditions must hold for the phonon field. However, the intrinsic spatial
coherence length of the phonon (~ 60 pm) is much smaller than the circumference of the
cavity (~ 4.6 cm). In this context, it may be surprising that this mean-field model can
capture the physics adequately. However, due to this short coherence length, the spatial
character of the phonon field is actually given by the local pump-Stokes beat-note, as we
derived in Section 3.4.1. Therefore, if the pump and Stokes fields adequately satisfy the
mean-field conditions, the phonon field will as well. In this way, we are able to model pump,

Stokes, and phonon fields as lumped-element modes with distributed Brillouin coupling.

3.4.3 Temporal dynamics

We next use this mean-field treatment to calculate the steady-state laser power, threshold,
slope efficiency, and power spectrum of our inter-modal Brillouin laser. We find that, in

contrast to the temporal dissipation hierarchy in conventional Brillouin lasers (i.e., T' >

62



Yp,7s), this laser operates in a regime where the acoustic dissipation rate is much smaller
than that of the optical fields. This allows us to adiabatically eliminate the time dynamics
of the light fields as we discuss below.

In this system, the temporal dissipation rate associated with pump field far exceeds
that of the Stokes field, phonon field, and decoherence rate of the pump laser. Due to
this separation of time scales, we can treat the pump field as a steady state quantity that
depends on the dynamics of the Stokes and phonon fields. Through this form of adiabatic

elimination, we find

. gasb ext . ext
— + =— Q + .36
Zi(QB . Q) + 71:)/2 ap 'LgXp( )a'Sb ap I (3 )

ap =~

where 0 = wp, — ws and xp(?) is the SBS-induced pump susceptibility. Inserting Eq. 3.36

into the equations for the Stokes and the phonon fields yields

s = — (iws +7%/2) as — |g2xp () [b[Pas + & — ig”agd' (3.37)

b= —(iQp +T/2) b — |g/*xp(?)]as|?b + n — ig*a*a]. (3.38)

Following the natural dissipation hierarchy,® we solve for the Stokes-mode amplitude, yield-

ing

1
as(t) = / dr e[t 57) (=) HolPxo(@) [2dt BEIP] g () — ig*a%"t(r)b*(ﬂ]

_ ’ (3.39)
() ig*/ dr et 392) (t=7)HolXxp(9) J7 " 1)) qoxt (rpf (7),

—00

where the dressed operator as,% produced by the intrinsic optical fluctuations, is given by

5. In the case of our silicon Brillouin laser, the phonon decay rate T is much smaller than the Stokes decay
rate 7s, which in turn is much smaller than the pump decay rate ~yp.

6. Here we use the symbol () to indicate a dressed operator.

63



be(t) = / " ol (@) L P ¢ (1) (3.40)

—00
This expression can be simplified by again noting the separation of time scales. Since
the pump phase-noise and phonon fields vary slowly compared to the Stokes field,” we can

approximate [*dt’ [b(t')|? ~ [b(¢)|*(t — 7),® allowing us to simplify as follows.

t
as(t) & as(t) — ig*aS (£)b1 (t) / dr e [i@s—wpT2B)+316-+lolPxp () (1) 2](-7)
o (3.41)

. % _ext T
A MO = (1) — ig"xs(Q)aZH )b (1),

(8 — Q) + I + gl (Q)[b(t)]

~ as(t)

where x5(2) is the Stokes susceptibility arising from these coupled-mode dynamics.

The dynamics derived above allow us to draw some important insights about our het-
erodyne measurements. In particular, we note that the heterodyne beat-note results from
the interference between the Stokes and an optical local oscillator, which is derived from
the pump laser. If we neglect the quantum fluctuations of the Stokes field, the heterodyne

beat-note can be expressed as

dext(t)al (t) = igxZ (Dag™ (£)*b(t)- (3.42)

Thus, since the pump laser is phase-noise dominated,® a heterodyne beat-note reveals the
heterodyne measurement reveals the underlying dynamics of the phonon field.
Again following the well-defined separation of time scales (i.e., I' < 7;), we seek to

elucidate the phonon dynamics. By inserting the approximate solution for the Stokes field

7. The effective decay rate associated with the non-zero pump phase noise in our experiments is 15 kHz.
This is much smaller than the decay rate of the Stokes field, which is of order 100 MHz.

8. We can approximate |b(t)|? as constant over the duration of the Stokes field decay.

9. In the case of a phase-noise dominated source, the pump field can be expressed as ag™*(t) =
ext

a®*t exp (i¢(t)), where ¢(t) is a stochastic variable. As such, [aZ*(¢)]> = |aZ**|* is a time-independent
quantity, and the heterodyne beat-note provides a window into the phonon dynamics.
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into Eq. 3.38, we find

b=—(i% +1/2)b+ g/’ Ixs (P ((Qm — Q) +5/2)af b+ —ig*aPal.  (3.43)

To proceed, we consider in the following the case in which all three fields are simultane-
ously resonant (2 = Qg, xp(2B) = 2/7p) such that the effective nonlinear dynamics of the

phonon field can be expressed as

- 2 lollage?

b=— (i +T/2)b+ b+, (3.44)
2 (3 + ZlgP[bP)?

where ( =n — ig*af)"tdl captures all relevant quantum, optomechanical, and phase-noise-

induced fluctuations.

Threshold behavior, lasing, and steady-state phonon amplitude

Equation 3.44 captures the basic lasing behavior and noise properties of the 3-wave system.

When the pump power is large enough to satisfy
2 2| ext|2
7_|g| |ap | > P/2, (345)
s

the mean-field phonon amplitude exhibits a dramatic increase in strength. From this anal-

ysis, we see that the threshold pump amplitude predicted by our mean-field treatment is

Iy
aS? ~ 4’g|52. (3.46)

Converting this threshold photon number to optical power using the relation P =

Fwuglal?/L, we obtain a threshold power of

huwg pvg pl s Ys 1 2
P ~ 2 ? — = — (. — =1 . 4
th 4|g|2L GB'Ug’s GB( S L n(rs)) (3 7)

From Eq. 3.47, we see that the mean-field prediction is consistent with the threshold pump

power required for the round-trip optical SBS gain for the Stokes field to match the round-
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trip optical loss (See Eq. 3.17). We note here that because the phonon field mediates
coupling between pump and Stokes wave, the coherent growth of the mean phonon field is
simply a byproduct of the optical self-oscillation of the Stokes field. However, we will see
in Section 3.4.4 that due to the temporal dissipation hierarchy exhibited by our Brillouin

laser, the phonon field plays a dominant role in the linewidth narrowing dynamics.

Slope efficiency

Next, we examine the theoretical efficiency limits of this silicon Brillouin laser. Starting from
Eq. 3.44, we relate the inject pump power to the coherent phonon number by expressing the
phonon field in terms of the time-averaged amplitude 3, such that b = Be ¥t Assuming

the threshold condition (Eq. 3.47) is met, we obtain

2| ext|2
s lg| |ap :|
0=— [F/2 - . (3.48)
2 (I + Z19P1B1P)

Using the steady-state phonon amplitude and its relationship to the that of the external
pump (as expressed by Eq. 3.48), we can estimate the optical laser efficiency just above the
laser threshold. Here, we assume that the coherent amplitude 4|g|2|3|?/(7s7p) < 1. In this

limit, we can Taylor expand Eq. 3.48 to first order, yielding

%I _ ., 8¢Ps

st 3.49
8‘9‘2|a§xt|2 Yo ( )

To draw a clear connection with our experiments, we express the intracavity Stokes (Fs),

pump (Pext), and threshold (Py,) powers as

_ hws|as|21’g,s _ RwsVgs (1 22, 12| ext|2 52
Ps - L - L ('&;) |g| |a‘p l 5 (350)
B 2
P, = —SMISJ Tee (3.51)
hwpvg,p F’Ysz
— Pl = Ts 52
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where we have used Eq. 3.41 on resonance in the first line. These expressions allows us to
derive the power dynamics of the Stokes emission P; relative to the external source laser

power Puyt, yielding

TpWsVg,s
P~ —— 2" (Puyt — Pip). 3.53
s 2’)’swp'vg,p ( ext th) ( )

Using the parameters obtained by our passive transmission measurements (see Supplemen-
tary Materials of Ref. [95]), we estimate an on-chip slope efficiency of ~ 4%, close to the

measured value of 3%.

3.4.4 Phonon power spectrum above threshold
Phase and residual intensity noise

The laser threshold is characterized by a phase-like transition [118] in which the expecta-
tion value of the phonon and Stokes amplitudes become non-zero. In this limit, both the
amplitude and phase-noise properties change dramatically. We examine this physics by
expressing the phonon field in terms of its coherent and fluctuating amplitude and phase,

such that

b= (8 +68)e " IBtHiv, (3.54)

where the real-valued 63 and ¢ represent the zero-mean amplitude and phase fluctuations.
We calculate the dynamics of the amplitude and phase noise by inserting this expression
into the nonlinear laser dynamics of Eq. 3.44 and separating into real and imaginary parts,

which yields

: 1 5
68 ~ — §FR1N5,3 + ¢ (3.55)

1-
b =G, 3.56
@ 6C (3.56)
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where we have taken the case of small amplitude fluctuations (i.e., |8 > |604|), and where
the real and imaginary Langevin terms are given by (-(t) = Re[¢(2) exp{iQst — ip(t)}] and
Gi(t) = Im[¢(t) exp{iQt — ip(t)}].

Linearizing the nonlinear denominator of Eq. 3.44, we find that the effective decay rate

for the amplitude fluctuations (or relative intensity fluctuations (RIN)) is given by

8 ,Ys|g|4|a§xt|252
I'rin = — (3.57)
T (3% + =[g26%)3
T 202
-8 lg|*B8 (3.58)

T (3% + 19?62
Noise correlation properties

We now examine the correlation properties of the total Langevin force f =+ iC;, which

yields

EBEE)) = (¢HR)e O ()0t
= | {nf (D)= @())
+ |9l (lag (t)al (1)) fe D e ) [ag (¢')al (t’)]>} e—i (1)

~ ot —t') + |g|2yagxtFei(wp-QB)(‘—t’)(as(t)ag(t')) (3.59)

Tnths(t —t') + Ysl91?|ag* (nth +1) —5 (s +4lg12 8% /vp) [t—t'|
=1ln - n, e 2°\'®
i e+ 4AloPB%

elgl2las 2 ,
(%+Md£%%ﬁmg+nk“_”

~ T(n® 4+ n +1)56(t —t).

~ [FntBh +4

Since the correlation time for the Stokes field (s/(27) ~ 100 MHz) is much shorter than
that of the phonon (I'/(27) ~ 13 MHz) and the effective correlation time associated with the
external pump phase noise (vs/(27) ~ 13 kHz), we are able to make 2 key approximations:
(1) we neglect pump and phonon phase noise (third line of Eq. 3.59) and (2) we treat the
Stokes correlation function as local in time (fifth line of Eq. 3.59). We have also used the

relation between the steady-state phonon amplitude and the phonon decay rate, given by
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Eq. 3.48, in the final line.
Having derived the correlation function for ¢, we can compute the correlation functions

for its real ((;) and imaginary parts ((;), yielding

(EC(E)) = STl + i + 1)3(¢ — ) (3.60)
(G(OG()) = ST+t + 15— ¢) (3.61)
(G (&@E") =o. (3.62)

Laser power spectra

Equipped with the correlation properties of the Langevin force, we derive the complete
power spectrum of the phonon field. We use the fact that for stochastic variable p(t) exhibits

_ ((w(t+f)2—w(t))2)

random Gaussian statistics in time such that (e!#(¢+7)=¢(1)) = ¢ [119].1° This
relation, in conjunction with Eq. 3.56, allows us to calculate the phase noise correlation

function

(Pt —e@)y — "z DT (3.63)

We also compute the correlation function associated with the amplitude fluctuations

d5(t) using Eq. 3.55, yielding

_ T(n +nfh+ ) -1

TriN|7| (3.64)
2I'rIN

(0B(t +7)85(t))

We can now use Egs. 3.63 and 3.64 to find the two-time correlation function for the

10. This relationship is stated as fact in Ref. [119]. It can be derived by analyzing the expec-
tation value (exp (iz)) = [°° dzp(z)exp (iz), assuming the probability distribution is Gaussian (ie.,
p(z) = (270°%) "% exp (—x2/(20?)))). The author would like to thank Shai Gertler for this helpful insight.
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phonon field

(b(t + )bt (1)) = [B% + (6B(t + 7)8B(t))] (e PEHTI—¢ () o —ilpT

th th 1 hpth .
_ |:[_32 + P(nB + N + l)e—%FRIN|T| e’;ﬁfr‘(nt}‘é +nt +1)|T|e—7,QBT

2I'rIN (3.65)
th th
~ ﬂZe—jfr‘(ntBh‘*‘ngh*'l)lTl + F(nB + g + 1)6_%FRIN|T| e—iQBT.
\ ~ - 2I'min |
phase noise ~—
RIN

Equation 3.65 allows us to compute the two-sided power spectral density using the

Wiener-Khinchin theorem (i.e., Gylw] = RQI [ dr(b(t + 7)b'(t)) exp(iwT)), yielding

2w Ay, I‘(ntBh + ’I’Lgh +1) I'rin :l
(TA,/2)% + w? | 2I'rIN (Trin/2)* +w?] " (3.66)

phase noise RIN

Gplw] = HQBT [52[

where the quantity (Aw,) is given by

I th,  th

which can be interpreted as the Schawlow-Townes linewidth associated with the phonon
field. Notice that when 8 >> 1, the power spectrum is phase noise dominated and exhibits
the characteristic Schawlow-Townes linewidth narrowing. Thus, above threshold, the mean-
field model predicts phonon linewidth narrowing that is reminiscent of that produced in

cavity-optomechanical systems [120].

3.5 Experimental characterization of laser coherence

3.5.1 Standard heterodyne spectroscopy

We characterize the laser coherence properties experimentally using two complementary
measurement techniques, as shown in Fig. 3.7A-B. First, as discussed in Section 3.4.3,

standard heterodyne spectroscopy naturally reveals the underlying phonon dynamics. We
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use this method to measure the laser coherence down a resolution-bandwidth limited value
of 20 kHz. The resolution bandwidth is limited by the acquisition time (~ 30 milliseconds)
required to avoid distortions from low-frequency variations in the pump wavelength. With
this limitation, standard heterodyne spectroscopy does not permit a direct measurement of

phonon linewidth narrowing below the original pump linewidth (~ 15 kHz).

3.5.2 Sub-coherence self-heterodyne interferometry

To sidestep the resolution limitation posed by standard heterodyne spectroscopy, we develop
a separate sub-coherence delayed self-heterodyne measurement technique, which allows us
to measure the phonon coherence well above the laser threshold. This method is based on a
form of delayed interferometry that allows us to determine the relative coherence between
pump and Stokes waves. We use this technique to measure the phonon linewidth at high
powers, which yields the blue data points presented in Fig. 3.7E. These measurements
demonstrate (1) the pump-Stokes phase coherence unique to this limit of Brillouin dynamics
and (2) phonon linewidth narrowing far below the linewidth of the pump laser (~ 13 kHz), in
good agreement with the theoretical trend obtained from stochastic simulations (see Section
6.3.1 and Supplementary Materials of Ref. [95] for more details). Using this technique, we
observe a minimum phonon linewidth of ~ 800 Hz, corresponding to a compression factor
of ~ 10% relative to the spontaneous Brillouin linewidth.

In what follows, we describe the sub-coherence self-heterodyne method and derive its
theoretical response. This method allows us to determine the intrinsic laser linewidth (and
resulting phonon dynamics) despite the slow center-frequency hops induced by the pump
laser [121,122]. This technique employs an unbalanced Mach-Zehnder interferometer that
possesses both a sub-coherence delay arm and a frequency shifted reference arm (See Fig.
3.8). With sub-coherence delay times, the measured spectral density is composed of a
delta function and a sinc-like background. By comparing the relative magnitude of each
component, one can determine the coherence time of the laser. Using this sub-coherence
technique, we measure the linewidth of the pump laser and show that the silicon Brillouin

laser behaves analogously to a self-driven acousto-optic frequency shifter.!!

11. With excess phase noise that becomes negligible in the limit as B% — 00
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3.5.3 Traditional self-heterodyne interferometry

In this section, we discuss the essential elements of the sub-coherence self-heterodyne mea-
surement. Figure 3.8A depicts a typical self-heterodyne interferometer. For an arbitrary
delay length associated with a time delay 74, the self-heterodyne spectral density is given

by [121]

Awp

_ —AwpTg _
o Baouy T A LT eos((w = Baon)ra)

Slw] x PPy |me %P 6(w — Apom) +

sin((w — Aaom)Td) Awp 1

w— Axom (3.68)
3.68

Here, P, and P; are the powers in arm 1 and arm 2 of the self-heterodyne interferometer,
Auwy, is the linewidth of the laser in units of angular frequency, and Aaom is the driving
frequency of the acousto-optic modulator.

Note that in the limit that 74 > 1/Awp, the spectrum becomes a simple Lorentzian with
a half width at half maximum (HWHM) of the intrinsic laser linewidth. For this reason,
the self-heterodyne technique typically involves a delay line that far exceeds the expected
coherence time. However, as with other external cavity diode lasers, the low frequency
fluctuations of the center laser frequency of the Agilent 81600B obscure the traditional
measurement [122]. For this reason, we employ a sub-coherence delay arm to measure the
linewidth of the pump laser. Figure 3.8B shows a comparison of a typical self-heterodyne
spectrum of the pump laser (Agilent 81600B) with the theoretical spectral density of a laser
with a linewidth of 15 kHz.

3.5.4 Sub-coherence self-heterodyne measurement using a silicon Bril-

louin laser

We next generalize this form of self-heterodyne sub-coherence spectroscopy to the case
in which the frequency shifter is a silicon Brillouin laser, as depicted in Fig. 3.7B. This
technique, which we develop for the first time, allows us to (1) determine the relative

coherence between Stokes and pump (i.e., phonon linewidth Av,) with improved resolution
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(down to 1 kHz) and (2) verify the new regime of spatio-temporal dynamics through clear
spectral signatures.

In the discussion that follows we present a simple model that captures the effect of
a non-zero phonon linewidth in the self-heterodyne technique diagrammed in Fig. 3.7B.
Using the Wiener-Khinchin theorem and assuming stationarity, the spectral density of a

heterodyne beat note can be written as
1 [ .
Slul = 5= [ dr & (BLo(r) B () EfoO)E0), (3.69)
—o0

where E; and E1o represent the signal and local oscillator waves, respectively. Applying

Eq. 3.69 to the measurement presented in Fig. 3.7B, the spectral density becomes
1 e .
Sl = o / dr €7 (G (r + ra)al (1)@ (7)as(0)), (3.70)
—c0

where as, ap, and ap will denote the Stokes, input pump, and AOM-shifted pump waves,
respectively, and 74 represents the transit time of the delay arm. As we saw in Section 3.4.3,
separation of time scales allows us to approximate the resonant Stokes field as

—2ig*apbt

= 4|ql2 2. (371)
i+

Qs

Hence, the spectral density becomes

2|g|?

4|ql2 2
w1+ 4550

o0
Slw] = )2 / dr e (ap(T + Td)a;;(T)b(T)le)(Td)ap(O)bT(0)). (3.72)
—00
Due to the separation of time scales, the phonon and pump fields are uncorrelated. Therefore
the expectation value in Eq. 3.72 simplifies to

2|g|?

4|agl218]2
(o1 + L2EEE

Sl = =/ " dr 7 gl + ra)al (1) (ra)ap (O) BB (0). (3.73)

We will now focus on the first expectation value (ap(r + ra)ab(r)al(ra)ap(0)). For

simplicity, we assume that the pump fields (as well as the Stokes and phonon fields) are
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phase noise dominated. As such, we express the pump and optical as ap = apexp (¢(t))

and &, = &y exp (A(t)), with phases ¢(t) and #(t) defined as

#(t) = —iwpt + idn(t) (3.74)

$(t) = —i(wp + Asom)t + ign(t),
where ¢n(t) represents the zero-mean phase fluctuations.

We model the dynamics of these phase fluctuations with the phase diffusion equation

such that

u(t) = n(t) (3.75)

where 7(t) is a Langevin force with a two-time correlation function (n(t)n(t')) = Awpd(t—t').

Applying Eq. 3.74 to the first expectation value in Eq. 3.73, we find

(@p (T + Ta)al,(7)al (ra)ap (0)) = |ap|?|ap|* (AP (7)) e—iAa0nT

(3.76)
A¢n(77 Td) = ¢n(7' + Td) - ¢n(7_) - ¢n(7'd) + (bn(o)
By direct integration, we compute Agy(7,74):
T+Td Td
Adn(T,79) = / dt' n(t') — /0 dt’ n(t). (3.77)

As A¢y(1,74) can be described by Gaussian statistics, we can rewrite the expectation

value for (e!A¢n(77a)) as we did in Section 3.4.4 [119)], yielding

- T,T, 2
<eiA¢n(T,Td)> _ GM, (378)

Evaluating Eq. 3.78, the spectral density becomes

2(g|?|ap|? |6 |2 * (o _ —(a— _
Slw] = 29l Z‘mlwﬁl : / drei(o=Baon) o= Bun(ra— (=00~ b(7)51 (0)), (3.79)
m(s(l+ =55-5))% /-0

where 6(t) is a step function such that (¢t > 0) =1 and §(t <0) =0.
We derived the remaining phonon correlation function in Section 3.4.4. As discussed,

when 3 > 1, the phonon correlation function is phase-noise dominated and can be expressed
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as

(b(r)b1(0)) = e mAIT, (3.80)

Inserting the phonon correlation function into Eq. 3.79 yields

2 21~ 1222
Sl = 2lg| |ap|4|a2p|25 /°° et (= B Ao~ Q)T o~ Ay (ra—(ra—|T)0(ra 7)) ~m Awy ||
m(s(1 + HAL5EE))? S
(3.81)

Note that in the limit that 7q — 0, standard heterodyne detection directly measures the

phonon power spectrum. In this case, the spectral density can be calculated as

29201 2@ 252 00 . _ _
Sw] = l91%|ep*|p|*| B] / drei@—Baon—)r —mhur|
—00

4|ql2|8]|2
m(s(1+ 422202

(3.82)
which is proportional to the phonon power spectrum Eq. 3.66, as expected.
To calculate the sub-coherence self-heterodyne spectrum, we instead take the limit of a

significant time delay 74, such that integration of Eq. 3.81 yields

2’9‘2|ap]2‘dp|2ﬁ2 4 (2w Ay +2Awp)
232 D) )
m(vs(1+ %))2 (2mAvy + 2Awp) 2 + 4w

Slw] =

 32wAwy (27 Ay, + Awp) sin (wrg) e~ Ta(mAvy+Awp) (3.83)
((2mAwvp)? + 4w?) ((2mAvp + 2Awp) 2 + 4w?)
8Awy ((2mAvy)? + 4T AvyAwy, — 4w?) cos (wrq) e~ Ta(mAvs+Auwp)
(27 Avp)? + 4w?) (27 Avp + 2Awp) 2 + 4w?) ’

which is the main result of this section. Here, w = w — Apaom — 02B. If we instead evaluate
Eq. (3.81) with Ay, = 0 (zero phonon phase noise), the spectrum matches that of the

simple sub-coherence self-heterodyne measurement (refer to Eq. (3.68)), as given by
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(3.84)

Here P; and P, are the powers in arm 1 and arm 2 of the self-heterodyne interferometer.
Figure 3.9A plots Eq. 3.83 with a 15 kHz linewidth pump and various phonon linewidths.
Note that as the phonon linewidth increases, the interference fringes wash out and the
pedestal becomes more Lorentzian-like.

Using the experimental setup depicted in Fig. 3.7B, we measure the sub-coherence self-
heterodyne spectrum with the silicon Brillouin laser as the frequency-shifter and compare
it to that of the traditional measurement using an acoustic-optic frequency shifter. Fig.
3.9B shows the two spectra superimposed. Strong qualitative agreement between the two
experimental spectra demonstrates that the SBS laser behaves analogously to a self-driven
acousto-optic frequency shifter. More specifically, the emitted Stokes light from this silicon
Brillouin laser is a frequency-shifted copy of the pump light with a small degree of phase
noise imparted by the phonon field. Fig. 3.9C shows the range of the spectrum that
is most sensitive to the phonon linewidth and the theoretical comparison. The spectrum
plotted (Stokes power of 0.025 mW) in Fig. 3.9C shows good agreement with the theoretical

spectrum with a phonon linewidth of 3 kHz.

Spectral characteristics conventionally exhibited by Brillouin lasers

The self-heterodyne measurement performed with the silicon Brillouin laser demonstrates
the unique phonon linewidth narrowing characteristics of this device. By contrast, in the
dissipation hierarchy conventionally realized in silica Brillouin lasers— that is, I' > ¥p,7s
— the predicted spectrum is very different from both Eq. 3.83 and the experimentally
measured spectrum of this silicon Brillouin laser. In this more widely studied regime, the

Stokes field experiences Schawlow-Townes narrowing, resulting in a narrow linewidth Stokes
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wave whose phase is now uncorrelated with that of the pump. Thus, in the conventional

limit, Eq. 3.70 becomes
1 [ .
Sl = 5 / dr e (G (r + )l (7)) al (T)as(0)). (3.85)
—o0
Applying the same technique as that of the previous section, the spectral density becomes

~ 2 2 —_ ) w, T
G[W] = _|Oép|2|as| /Oo dTei(w—QB—AAOM)Te———(A p";A sl |. (3.86)
T

—00

Here, Awp and Aws are the linewidths for the pump and Stokes waves, respectively (angular
frequency units). Evaluating Eq. 3.86, we find that the spectral density in the conventional
Brillouin limit is a simple Lorentzian

4(Awp + Aws)
(Awp + Aws)? + 4(w — QB — Aaom)?

Sw] x PP, (3.87)

Note that Eq. 3.87 is independent of 74, as there is no phase coherence for interference.
Thus, in the conventional Brillouin limit, the self-heterodyne spectrum is devoid of the
characteristic fringes, in sharp contrast to the phonon linewidth narrowing regime explored

by the silicon Brillouin laser.

3.6 Summary of laser dynamics

In this section, we present a summary and conceptual understanding of the spatio-temporal
dynamics of the system. In Section 3.4.1, we saw that this system exhibits spatial dy-
namics and optical self-oscillation that is consistent with other Brillouin lasers. However,
as derived in Section 3.4.3 and experimentally demonstrated in Section 3.5, optical self-
oscillation yields uncharacteristic line-narrowing behavior, producing spectral compression
of the elastic degrees of freedom.

We first discuss the spatial dynamics exhibited by this silicon Brillouin laser system. In
general, there are two conditions required for Brillouin self-oscillation: (1) an optical cavity
to provide feedback and (2) sufficient optical gain from stimulated Brillouin scattering to

overcome the round-trip loss. In many ways, the spatial dynamics of Brillouin lasers can be
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related to the well-known physics of singly resonant optical parametric oscillators (OPOs).
Analogous to the role of the signal wave within a singly-resonant OPO, feedback and optical
gain for the Stokes wave are required for Brillouin laser oscillation. By contrast, the phonon
field is spatially heavily damped and experiences no cavity feedback (see Section 3.4.1),
performing the function of the ballistic idler wave in the context of singly-resonant OPO
physics. Thus, while the strength of the phonon field increases dramatically above threshold,
its emission can be understood as a byproduct of laser oscillation, in direct analogy with
the idler wave in a self-oscillating singly resonant OPO.

With regard to the temporal dynamics, Brillouin lasers conventionally operate in a
regime in which the optical fields not only live longer in space, but also in time. Specifically,
the pump and Stokes dissipation rates v, and s, respectively, are much smaller than the
acoustic dissipation rate I'. This regime of operation, which we refer to as the standard
dissipation hierarchy, produces optical linewidth narrowing. As a result, the emitted Stokes
wave can be viewed as a purified, frequency-shifted version of the incident pump field, as
shown in Fig. 3.10A.

Our silicon Brillouin laser exhibits an intriguing combination of spatial and temporal
dynamics. These properties are illustrated conceptually in Fig. 3.11A-B. In space (see Fig.
3.11A), we find that the optical fields are able to propagate freely around the cm-scale
racetrack cavity, while by comparison, the phonon field decays very rapidly (~ 60 pm). In
this way, the spatial dynamics are consistent with other Brillouin lasers, and consequently
the dynamics exhibited by singly resonant optical parametric oscillators. In time, however,
we find that the decay hierarchy is actually inverted relative to the conventional limit: the
phonon lives longer in time (i.e., 7p,vs > I'). Thus, this Brillouin laser simultaneously
operates where the spatial acoustic decay length (~ 60 pm) is far smaller than the optical
decay length (~0.1-1 m), while the intrinsic phonon lifetime (77 ns) exceeds that of the
optical fields (~ 2 — 12 ns)—a condition made possible by the disparate velocities of light
and sound. We are able to reach this unconventional regime of laser dynamics thanks to
the exceptionally large Brillouin coupling in this system (> 1000x that of silica fiber).

As shown in Fig. 3.10, the unique spatio-temporal dynamics of this system produce

distinct linewidth narrowing behavior. As laser oscillation ensures, both the Stokes and
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phonon field experience significant linewidth narrowing relative to the spontaneous Brillouin
linewidth. However, well above threshold, only the phonon field experience Schawlow-
Townes narrowing. As a result, the emitted Stokes light becomes a frequency shifted,
carbon copy of the pump, with residual phase noise given by the phonon power spectrum.
Thus, the degree of relative coherence between the pump and Stokes waves is quantified by

the phonon Schawlow-Townes linewidth, which is given by

r

A = g

(¥ + nth 4 1), (3.88)

where nf' and nf! are the thermal occupations of the phonon and Stokes fields and I" is the
temporal phonon dissipation rate. Thus, the fundamental phonon linewidth is given by the
quantum and optomechanical fluctuations of the oscillating Stokes and phonon fields. We
see that Schawlow-Townes narrowing reduces the phonon linewidth as the coherent phonon
number A2 is increased.

This form of phonon linewidth narrowing is similar to that produced by ‘phonon lasing’
as demonstrated in cavity-optomechanical systems [120,123]. However, in contrast to such
phonon laser systems, this Brillouin laser does not possess a phonon cavity or any form of
phonon feedback necessary to achieve phonon self-oscillation. As such, our results extend
these linewidth-narrowing concepts to macroscopic Brillouin lasers systems, in which the
acoustic field is heavily damped in space and does not experience cavity feedback. Here we
show that, despite the high degree of spatial damping and lack of phonon feedback, optical
self-oscillation can actually produce phonon linewidth narrowing, as long as the phonon
lifetime exceeds that of the optical fields. This physics, which we explore for the first time,
can be viewed as an extreme limit of optical parametric oscillator dynamics with a slow,

ballistic, long-lived idler wave.
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3.7 Conclusion and outlook

In this chapter, we have demonstrated Brillouin lasing in silicon for the first time, represent-
ing a significant milestone for Brillouin photonics and silicon-based lasers. By engineering
multimode optomechanical structures that support large Brillouin couplings between dis-
tinct optical spatial modes, we have been able to tailor the Brillouin amplification dynamics
to suit powerful new Brillouin laser technologies. We have designed and fabricated high-Q
multimode racetrack resonator structures that take advantage of these properties to achieve
robust laser oscillation. We also developed new spectroscopy methods and theoretical tools
to understand the underlying dynamics, and show that the large Brillouin gains and unique
elasto-optic properties of our system allows us to explore an intriguing limit of 3-wave laser
physics.

With regard to the overarching theme of this dissertation, this new inter-modal laser
concept yields unprecedented flexibility in design and allows us to engineer and manipulate
Brillouin laser dynamics in a myriad of ways. In particular, the addition of modal degrees
of freedom allow us to limit or control energy transfer dynamics produced by cascaded
Brillouin lasing. The multimode nature of the interaction also allows us to individually
address and independently control pump and Stokes modes. In comparison with prior
Brillouin laser systems based on backward stimulated Brillouin scattering, the laser cavity
circumference is not constrained and, as such, is not inhibited by tight tolerances that would
otherwise present challenges for scalable integration. Furthermore, because the Brillouin
gain, acoustic dissipation, and Brillouin frequency can be tailored by the geometry, the
Brillouin coupling mechanism may be engineered according to the desired application and
regime of dynamics.

Finally, in addition to the control achieved through phase-matching, we have seen that
the introduction of an optical cavity can be used to enable and shape laser dynamics.
Building on this work, we will explore how these passive optical properties, in conjunction
with the nonlinear Brillouin couplings, allow us to create a new class of high-performance
amplifier and non-reciprocal technologies. We will explore these concepts in Chapters 4 and

6.
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Chapter 4

Resonantly enhanced

non-reciprocal Brillouin amplifier

4.1 Introduction

By developing and manipulating the optomechanical properties of silicon, we have been
able to (1) transform Brillouin interactions into the strongest silicon-based non-linearity, (2)
shape Brillouin amplification dynamics by controlling the phase-matching condition, (3) and
use these engineered couplings to achieve Brillouin lasing. Up to this point, however, it is
important to note that the available Brillouin amplification made possible by these processes
has been limited to 2-5 dB. By contrast, many Brillouin photonics applications—such as
Brillouin-amplification based non-reciprocal devices [31], distributed Brillouin sensing [124,
125], tunable time delay [126], and RF-photonic filtering [88,89,127,128]—require 10 dB or
more. Large levels of gain ( 50 dB) necessary for these applications have been possible in
silica-based fiber-optic or chalcogenide waveguide systems [129], but so far have been out of
reach in silicon. Moreover, lack of silicon-based amplifier technologies provides additional
impetus to create high-performance Brillouin amplifiers within CMOS-compatible silicon-

photonic circuits.
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Challenges of scaling Brillouin amplification in linear waveguides

Within a given linear waveguide system, there are two ways to enhance the degree of Bril-
louin amplification: (1) increase the pump power and (2) extend the length of the Brillouin
active devices. However, there are fundamental challenges associated with each strategy.
(1) In silicon, nonlinear losses from two-photon absorption and TPA-induced free-carrier
absorption quickly overtake gains from stimulated Brillouin scattering, limiting the avail-
able pump powers to the ~ 100 mW level [29,130]. (2) In principle, Brillouin-active silicon
waveguides can be much longer (> 10 cm) than the 2-cm lengths presented in Chapter 2.
However, the most immediate problem we encounter with this strategy are the effects of
inhomogeneous broadening; i.e., dimensional variations along the device length lead to a
smeared-out spectrum where the peak gain is significantly reduced [131]. This is because
small variations in the waveguide dimensions dramatically affect the Brillouin frequency.
For instance, a 1-nm change in the phonon membrane width leads to a 1 MHz change in the
phonon frequency, representing a 10% change relative to the intrinsic gain bandwidth [29)].
With practical fabrication considerations, these effects prevent high-performance devices
with lengths beyond several centimeters. Moreover, even if these variations could be mit-
igated, linear and nonlinear losses prevent optimal pump levels over larger length scales

without new strategies for periodic re-injection, adding significant device complexity.

Resonantly enhanced approach

In this chapter, we use a resonant geometry to profoundly enhance the available Brillouin
amplification. We do this by harnessing stimulated inter-modal Brillouin gain within multi-
spatial-mode racetrack resonator system that is interfaced with mode-specific couplers to
allow signal light to be amplified as it is transmitted through the system. This approach al-
lows us to transform the otherwise modest levels of Brillouin gain (3.5 dB) and amplification
(~ 2 dB) possible in a cm-scale linear waveguide system into more than 30 dB of gain and 20
dB of net amplification, significantly advancing state-of-the-art performance. Moreover, we
realize this physics in a compact geometry (1.5 cm) that circumvents deleterious nonlinear

losses by operating at low pump powers (< 40 mW) below the laser threshold. Leveraging
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the unidirectional amplification produced by this phase-matched process, we also use this
system to demonstrate more than 28 dB of non-reciprocal contrast between forward- and
backward-propagating waves, representing the first demonstration of lossless isolation in an

all silicon device at room temperature.

4.2 Resonantly enhanced device concept

In this section, we introduce the resonantly enhanced device physics through a simplified
conceptual picture. A corresponding diagram is found in Fig. 4.1. We consider a ring-
resonator system that is interfaced with an input (coupler A) and output coupler (coupler
B), each with an associated loss rate ya and g, respectively. Together with the internal
loss rate of the resonator, ~;, these effects yields a total loss rate vt = vaA + 9B + %i-

We now consider the consequence of adding some form of gain to the system, with a
temporal rate given by 7g. Through temporal coupled mode theory [132] we find that the

relevant equations of motion are given by

a(t) = ~iwoa(t) — (5 + 2 + 3 — 5 )alt) + v (1) w

S°U(t) = vAalt),
where a(t) is a unitless mode amplitude (normalized such that (a'(¢)a(t)) = photon num-
ber), wo is the resonant frequency of the cavity, and S™(t) and S°**(t) are the input and
output signals, respectively.! Solving for the output field in the Fourier domain, we find

the total transmission through the system to be

|Sout [ws, ’YG] |2 — 2\/ YAYB 2 (42)
| S w2 —2i(ws —wo) +7A +B+ % — G

As an intuitive starting point, we consider the response of the system on resonance
(ws = wo) and examine the case of identical couplers such that yo = ¥y = 7. Under these

conditions the transmission becomes

1. $'(t) and S°"*(t) are normalized such that STS = photon flux.
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(4.3)

|59 [ws = wo, va]? _ ‘ 27
|58 [ws = wo) |2 27+ % — ¢

We now consider the total transmission through the system on a case by case basis, as
plotted in Fig. 4.1B. (i) In the absence of gain, the total transmission becomes |2v./(2v. +
7:)|?, which is simply the linear transmission through the system. (ii) When the gain is able
to compensate for the internal losses of the resonator (i.e., y¢ = 7i), resonant transmission
through the system becomes lossless (i.e., approaches unity); in this case, the system is
said to have zero net amplification. (iii) In the case when the gain exceeds the internal
losses of the resonator (yg > <), but does not exceed the total loss (i.e., va < % + 27¢),
the system yields greater-than-unity transmission without producing self-oscillation (i.e.,
below the laser threshold (case iv)). In the limit when the gain approaches the total loss of
the system, the degree of amplification can become arbitrarily large—in principle, limited
only by pump depletion.? In what follows we build on the inter-modal Brillouin laser
system (Chapter 3) to demonstrate this physics for the first time using stimulated Brillouin

scattering.

4.3 Resonantly enhanced Brillouin amplification

We use a resonant optical configuration to manipulate and radically enhance optical am-
plification based on stimulated inter-modal Brillouin scattering. Our resonantly enhanced
Brillouin amplifier consists of a 15 mm-circumference racetrack cavity that possesses two
Brillouin-active regions (Fig. 4.2A; for experimental parameters see Appendix C). The de-
vice is fabricated from a single-crystal SOI wafer using a standard silicon-on-insulator (SOI)
process. Building on the results presented in Chapter 3, the racetrack cavity is formed from
a multimode silicon ridge waveguide that supports low-loss guidance of transverse elec-
tric (TE)-like symmetric and antisymmetric optical spatial modes. In the Brillouin-active

regions, this multimode optical waveguide is suspended to provide acoustic guidance for

2. In the case of a resonant Brillouin amplifier, vg is dependent on the intracavity pump power, which
can be depleted in the case of large intracavity signal powers.
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the 6-GHz traveling elastic wave that mediates strong inter-modal Brillouin coupling (see
Fig. 4.2B; for waveguide dimensions, see Chapter 2). Within the resonator, the symmetric
and antisymmetric optical spatial modes form two distinct sets of resonances, which as in

Chapter 3, we denote by {w}'} and {wj'}, respectively.

4.3.1 Passive optical properties

Robust Brillouin amplification in this inter-modal geometry is contingent upon the ability to
selectively address cavity modes produced by the symmetric and antisymmetric waveguide
modes. This functionality is relatively straightforward to achieve in the case of the input
coupler (coupler A), labelled MC2 in Fig. 4.2A and 4.3A. Building on the mode multiplexer
structure developed in Chapter 2, we design MC2 such that it preferentially couples to the
antisymmetric waveguide mode, while also permitting non-zero coupling to the symmetric
waveguide mode.? As such, the properties of coupler A, in conjunction with the frequency
selectivity of the cavity, allow us to inject pump and signal waves into pairs of antisymmetric
and symmetric cavity modes that satisfy the Brillouin condition, respectively.

Creating a mode-specific coupler that preferentially couples to the symmetric waveguide
mode, as needed for the output coupler (coupler B), however, is in practice more difficult
to attain. In principle, it is possible to achieve the desired degree of coupling using a
symmetric multimode coupler, where two multimode waveguides of identical dimensions
are brought together to permit evanescent coupling. The unintended consequence of this
design, however, is that it actually produces more coupling to the antisymmetric waveguide
mode, which would prevent any appreciable build-up of the pump wave circulating in an
antisymmetric cavity mode. This occurs because the antisymmetric waveguide mode is more
weakly guided and evanescent in character, and as such, it is difficult to develop coupler
designs that preferentially address the more well-confined symmetric waveguide mode. We
develop a new mode-selective coupler for the symmetric waveguide mode (labelled MC1)

by exploiting an asymmetry in the dependence of effective mode indices on waveguide

3. The coupler consists of a 625-nm bus waveguide whose fundamental (symmetric) mode is primarily
phase-matched with the antisymmetric spatial mode of the 1.5-pum racetrack waveguide, such that it couples
strongly to the antisymmetric spatial mode and weakly to the symmetric spatial mode (see Table C.1).
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dimensions. Because the higher order modes are more sensitive to waveguide dimension, a
slight change in waveguide width pushes the antisymmetric mode away from phase-matched
coupling much more quickly than it does for the symmetric mode, as illustrated in Fig.
4.3Bi-ii. Using this concept, the bus and racetrack waveguides are designed with a slight
asymmetry in width (1.4 um and 1.5 pm, respectively) such that the fundamental modes
remain phase-matched (the fundamental mode indices remain very close), while the higher
order modes are not phase-matched (the mode indices become quite distinct), yielding a
coupler that selectively couples out the symmetric mode (with crosstalk of ~ —10 dB).
With improved fabrication, as we demonstrate in Chapter 5-6, these crosstalk levels can be
driven down below -40 dB.

We measure the linear transmission response of the cavity using a swept 1.55 pm laser
(Agilent 81600B; sweep rate set to 5 nm/s.* at low powers (~ 120 pW on-chip)). Fig.
4.4A-B plots the measured transmission (thru) spectra centered around two distinct mode
pairs that satisfy the Brillouin condition (w} = wj* —g), while Fig. 4.4C shows the trans-
mission spectra measured at the thru and drop ports over a larger wavelength range. These
measurements reveal a set of high-Q symmetric cavity modes (Q; ~ 10°) and antisymmetric
cavity modes (Q2 = 2 x 10°). Fitting these transmission spectra to a multimode resonator
model (see Supplementary Materials of Ref. [95]) allows us to obtain important parameters
of the system, including the multimode coupling coefficients, group velocities, and linear
propagation losses (see Appendix C). This information is then used to model the amplifier

dynamics derived in Section 4.3.3.

4.3.2 Operation scheme

Signal light injected into the symmetric cavity mode (w}) can be amplified through the
resonant Brillouin system provided that (1) the pump wave is resonant with an antisym-
metric cavity mode (wp = wj") and (2) the symmetric cavity mode satisfies the Brillouin
condition (WP = wi* — Qp). We experimentally characterize this system by coupling the

pump and signal waves into the antisymmetric and symmetric cavity modes of the racetrack

4. Using a triggered oscilloscope, we can convert swept transmission measurements in time to wavelength

94






resonator via coupler A. As described in Section 4.3.1,the co-propagating pump and signal
waves nonlinearly couple as they traverse the Brillouin-active regions of the racetrack, pro-
ducing Brillouin energy transfer and single-sideband gain through stimulated inter-modal
Brillouin scattering [29]. As the pump power approaches the threshold for lasing, the degree

of amplification is significantly enhanced (see Fig. 4.2D).

4.3.3 Theoretical analysis

We now consider the predicted theoretical response of this resonant Brillouin amplifier
system. To this end, we extend the heuristic temporal-coupled mode framework discussed
in Section 4.2 (see also Ref. [132]) to the case of gain supplied by inter-modal Brillouin
amplification. Building on the strategy of Section 3.4.2, we begin from the mean-field

equations of motion, given by

as(t) = —iwfas(t) — 25 as(t) — ig*ap(DB'(1) + yAKTS™ (1)
b(t) = ~iSkBb(t) — 5b(t) — ig"ap(t)al®) (4.4

ap(t) = —iwllap(t) — %;t’zap(t) — igas(t)b(t) + /TAZS(2).

As introduced in Chapter 3, as(t), b(t), and ap(t) are the coupled-mode amplitudes for
the signal, phonon, and pump fields, respectively; {w}} and {w5*} are the resonance frequen-
cies of the cavity modes produced by the symmetric and antisymmetric waveguide modes,
respectively; g is the elasto-optic coupling; Ysot,(1,2) is the total loss rate for the symmetric
and antisymmetric spatial modes (defined by Yot (1,2) = Va,(1,2) + 1B,(1,2) T+ a(]_’Q)'Ug,(l’z));
Y(A,B),(1,2) are the dissipation rates for the symmetric and antisymmetric spatial modes due
to couplers A and B (y(4,5),(1,2) = —(20g,1,2)/L) In(1 - M%A,B),(lﬂ))l/z) while g1 repre-
sents the internal losses of the racetrack resonator for the symmetric mode (Yr,1 = 01vg,1);
Vg (1,2) 18 the group velocity of the symmetric and antisymmetric optical spatial modes; L is
the length of the racetrack resonator; oj o) is the linear propagation loss of the symmetric
and antisymmetric spatial mode; I is the dissipation rate for the acoustic field. To provide

a clear connection to temporal coupled mode theory, here we represent the signal and pump
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fields with S™(t) and S(t) (with units [vnumber x Hz]).> We note here that, for the mo-
ment, we have neglected quantum and thermal noise. We will explore the impact of vacuum
and thermal fluctuations in great detail in Chapter 7, which derives the quantum-limited
noise figure for these devices.

Next, we make the substitutions as(t) = as(t) exp (—iwst), ap(t) = ap(t) exp (—iwpt),

and b(t) = b(t) exp (—i§t) to produce the envelope equations

s () = s — wf)as(t) = M5 as(t) —ig" ()0 (1) + TATS™ (1)
2

b(t) = i(2 — m)b(1) — () — ig"ap(t)al(6) + (1) (45)

ip(t) = iwp — w§)ap(t) — L5 2ap(t) — igas()B(t) + y7A2Sy (1),

In the rotating frame, we have also transformed S™®(t) = S™(t) exp (—iwst) and SP(t) =
gén(t) exp (—iwpt). We note that the above requires wp, = ws + 2, consistent with our
experimental scheme.

For simplicity, we treat the pump wave as undepleted (i.e., @, = 0 and ap(t) = ap) and
ignore the vacuum fluctuations associated with the pump. We next take a Fourier transform

of Eq. 4.5, yielding

—iwsfw] = i(ws — wfaslw] — T asw] - ig"apb W] + RIS ] o
4.6
_ _
—iwb[w] = i(Q — Qp)blw] — ab[w] — ig*apal|w]
Next, we solve these two coupled equations, yielding
— 1 Qin
aslu] = P |Vl (4.7)

g g Jtot,1

We proceed by shifting out of the rotating frame calculating the output signal spectrum
by noting that S°"*[ws,w] = ,/7B1as[ws,w]. This allows us to calculate the signal-wave
amplification (|S°®[ws,0]|?/|S™[ws, 0}|?) by analyzing the spectrum at the center frequency

of the input signal (i.e., w = 0), yielding

5. §7S has units of photon flux.
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|Sou [, 0][2 VYA,14/7B,1 (4.8)

i 2 | GpPugil/4
|5 s, O] —i(ws — W) + g — e

Here, we have neglected the noise terms and used the definition Gg = 4[g|2L/(Awpl'vg 1vg,2)
[75].8 Equation 4.8 can also be obtained in the time domain by considering the steady-state
response of the system.

Equation 4.8 can be used to self-consistently predict the amplification and gain band-
width of the system and is the basis for the theoretical trends plotted in Fig. 4.6A-B. We
note that Eq. 4.8 diverges at the laser threshold condition, which is an artifact of the stiff
pump approximation in this analysis. While the equations are consistent with those de-
scribing parametric amplification in cavity-optomechanical systems [133], we note that this
analysis requires a mean-field treatment of a distributed, heavily spatially damped phonon
field, which is valid only in the presence of the pump and Stokes field (for further discussion,

see Section 3.4.2).

4.3.4 Experimental results

As diagrammed in Fig. 4.5A, we use nonlinear laser spectroscopy to characterize resonantly
enhanced inter-modal Brillouin amplification. All measurements are performed at room
temperature and atmospheric pressure using 1.5 pm wavelengths. In this experimental
scheme, light from a tunable laser is split along two paths; the upper path is used to
synthesize the pump and signal waves, while the lower arm is used to create an optical
local oscillator (LO) for heterodyne analysis of the emitted signal wave. The optical LO
(lower arm) is generated by an acousto-optic modulator, which blue-shifts the light by
A = 27 x 44 MHz. The upper path uses an intensity modulator (IM), erbium-doped fiber
amplifier (EDFA), and variable optical attenuator (VOA) to synthesize pump and signal
waves of a desired power and variable frequency detuning. Pump and signal waves are then
coupled on-chip through a grating coupler; the light is subsequently routed to the racetrack

resonator through a single-mode waveguide. Signal light exiting the device is combined

6. The Brillouin gain coeficient can alternatively be expressed as Gs = 4|g||ap|?/(PT'vg,1), which is
particularly useful when relating to experimental parameters.
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with the optical LO and measured using a high-speed photo-receiver for heterodyne spectral
analysis. Using a microwave oscillator of tunable frequency {2 and an intensity modulator,
we synthesize a signal wave at ws = wp — §} and measure the output signal synchronously
at  + A through heterodyne spectroscopy with the optical LO. By tracking at this offset
frequency (A), we are able to selectively measure the redshifted signal wave (w, —2) without
crosstalk from the blue-shifted tone (wp + ©2).

Using this experimental scheme, we vary the laser wavelength, pump power, and signal-
wave detuning over a range of parameter to fully and systematically characterize the dy-
namics. In the limit of low pump power, no Brillouin gain is produced, and we recover the
linear resonant response produced by the symmetric mode of the racetrack cavity. When
the pump power is increased, we observe a narrow gain peak at the Brillouin frequency
atop the linear resonator response (see Fig. 4.2D). As the pump power approaches the laser
threshold power, we observe a dramatic increase in the degree of resonantly enhanced ampli-
fication, consistent with our theoretical predictions (see Fig. 4.6A-B). Just below threshold,
this resonantly enhanced interaction is sufficient to yield in excess of 30 dB of gain, repre-
senting more than 20 dB of net amplification after accounting for losses produced by linear
transmission through the resonator (see Fig. 4.5B). The degree of amplification depends
strongly on the mode-pair detuning (i.e., the frequency separation wj* — wf') relative to the
Brillouin frequency, as shown in Fig. 4.5B. In addition, we observe that the gain bandwidth
scales inversely with the amplification as a result of gain narrowing, in agreement with the

predicted behavior given by Eq. 4.8 (see Fig. 4.5B).

4.3.5 Non-reciprocal amplification

As a traveling-wave nonlinear process, optical amplification from inter-modal Brillouin
scattering occurs only when phase matching is satisfied. This property gives rise to an
intriguing non-reciprocal response. This form of non-reciprocal gain is produced because
the phonon required for the resonantly enhanced Brillouin process mediates gain between
co-propagating pump and signal waves, but does not produce Brillouin coupling between
counter-propagating waves [33,134]. This property arises from the time modulation induced

and sustained by the coherent phonon field [135]. Alternatively, this phenomena can also be
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understood through the energy and phase-matching conditions required by this traveling-
wave process (see Fig. 4.7B-C). The phonon field that mediates the Brillouin amplification
cannot mediate coupling in the backward direction as a result of phase-matching. More-
over, the phonon frequency and wavevector that would be required for a backward process
(between counter-propagating waves) is not supported by the acoustic dispersion relation.
These phase-matching and energy-conservation considerations are diagrammatically sum-
marized in Fig. 4.7B-C.

We explore the non-reciprocity produced by this system by coupling the pump wave
into the anti-symmetric resonator mode with a counter-clockwise orientation satisfying the
Brillouin condition with a symmetric cavity mode (wp = wi?, wi* — wi = Qp); we then
examine the reciprocity of the system by injecting the signal wave in the forward (Fig.
4.8A) and subsequently backward (Fig. 4.8B) directions such that the signal wave co- and
counter-propagates with the pump wave within the resonator, respectively. When energy
conservation is satisfied (wp = ws + Qg), the forward configuration yields net amplification
(red) of the signal wave, while the backward configuration yields net loss (gray) as a result
of passive transmission through the cavity. Using a fiber-coupled switch (as shown in
Fig. 4.7), we alternate between the forward and backward configurations while measuring
the transmission as a function of signal-wave detuning. As shown in Fig. 4.8C, these
measurements reveal a peak optical non-reciprocity of 28 dB and a bandwidth of 2.5 MHz

over which the system provides > 10 dB of optical isolation with no insertion loss.

4.4 Conclusion and outlook

In this chapter, we have explored a new resonantly enhanced geometry that allows us to
transform a modest amount of amplification (~ 2 dB) into a much larger value (20 dB)—
limited only by pump depletion within the resonator. Leveraging a highly engineerable
inter-modal device concept, this new strategy allows us to sidestep the deleterious effects
of both nonlinear loss [29,130] and inhomogeneous broadening [131], by (1) enabling large
levels of amplification below the modest laser threshold (~ 15 mW incident and ~ 40 mW

intracavity) and (2) permitting a compact geometry over which the device can be sufficiently
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uniform. With these advances, we are able to achieve record-high Brillouin gain (~ 30 dB)
in silicon, representing a 500x improvement relative to a linear device of the same design
(see Chapter 2).

Looking forward, this resonantly enhanced Brillouin amplifier physics lays the ground-
work for a range of powerful silicon photonic device technologies. As a consequence of the
phase-matching conditions imposed by inter-modal Brillouin scattering, we have shown that
the resonantly enhanced Brillouin amplification is inherently uni-directional, yielding high
degrees (~ 30 dB) of non-reciprocity in an all-silicon system. To our knowledge, this is the
first demonstration of loss-less non-reciprocity in silicon at room temperature, and as such,
represents an important step towards the development of practical isolators and circulator
technology in silicon photonics. In addition, the characteristic narrowing of the gain band-
width is a unique feature of this system (see Eq. 4.8). At the smallest linewidths (~ 200
kHz), these narrowband features correspond to an effective optical Q-factor of approxi-
mately 10%, representing a 1000 x improvement relative to state-of-the-art silicon photonics
resonators. This level of performance opens the door to new narrowband signal processing
applications in silicon photonics, including narrow-band optical and microwave-photonic
filters [88,127], carrier recovery for microwave photonic signal processing [136], and tunable

time delay [126,133,137,138).
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Chapter 5

Brillouin device integration with

CMOS-foundry silicon photonics

5.1 Introduction

The transformative potential of silicon photonics is deeply rooted in the concept of inte-
gration [1,2,139]. Alone, each photonic component offers limited utility. However, com-
bined with the full tool set of silicon photonics, each device plays an important role to
enable photonic applications that are not otherwise feasible. As such, a systems-level per-
spective is essential to have substantive technological impact. Moreover, the ability to
develop inexpensive and scalable systems with high yield is greatly enhanced through use
of complementary-metal-oxide-semiconductor (CMOS) foundry techniques that have been
refined through decades of significant industry and government investment [2].

In Chapters 3-4, we have shown that it is possible to harness stimulated Brillouin scat-
tering to create new laser, amplifier, and non-reciprocal devices in silicon, addressing im-
portant challenges in silicon photonics. Up to this point, however, we have demonstrated
this device physics with prototype-scale electron-beam lithography—quite different from
the high-throughput photolithography-processes currently used to fabricate commercial sil-

icon photonics chips. Moreover, given the additional complexity from MEMS-like! process

1. Micro-electromechanical system (MEMS) fabrication techniques often involve the use of a hydrofluoric
acid wet etch to remove the oxide undercladding. This is typically considered a non-standard process step.
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steps required to create suspended optomechanical structures, it is not clear if or how these
devices could interface with active silicon photonic circuits.

In this chapter, we explore new strategies to fabricate and integrate a wide range of
silicon-based Brillouin devices within high-performance silicon photonic circuits. In collab-
oration with Sandia National Laboratories, we set out with two principal objectives: (1)
fabricate functional Brillouin devices with a standard CMOS foundry process, and then (2)
integrate these Brillouin systems with active photonic components for new degrees of control
and added functionality. Our results demonstrate for the first time that Brillouin-photonic
devices are indeed compatible with CMOS foundry silicon-photonic processes. Moreover, we
show that the fidelity and high degree of uniformity offered by this new photolithography-
based process enables marked improvement in the yield and performance relative to our
prior electron-beam approach. Building on these results, we design and fabricate Brillouin
devices that leverage and interface with fully active silicon photonic circuits for the first
time. This work opens the door to powerful new ways to manipulate and harness Brillouin

dynamics for fully integrated, scalable photonic technologies.

5.2 CMOS-foundry-fabricated Brillouin devices

We fabricate Brillouin-based amplifiers, filters, and lasers using a mature CMOS silicon
photonic process developed at Sandia National Laboratories. Devices are fabricated on a
silicon-on-insulator wafer with a 230-nm single crystal silicon layer with 3 pm of buried
oxide. The layer structure of this silicon photonic platform accommodates the all-silicon
optomechanical waveguide geometry described in Chapters 2-4, with an 80-nm silicon ridge
atop a 150-nm phonon membrane. In this first round of fabrication, the devices are pat-
terned in a passive SOI tape-out (i.e., no dopants, metals, Germanium, etc) within a 4 mm
X 4 mm square.

Following photolithography and accompanying etch steps, we suspended the desired
portions of the devices by removing the buried oxide through an HF wet etch. We then
inspect the devices using an optical microscope. Micrographs for each device are shown in

Figs. 5.1A-5.4A.
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5.2.1 Inter-modal Brillouin waveguides

We first characterize the waveguides that are designed to produce stimulated inter-modal
Brillouin scattering (SIMS). These devices consist of a serpentine pattern with 3 suspended
Brillouin-active regions, each of about 2 mm in length (the total Brillouin-active length
is 6.1 mm). As described in Chapter 2, we interface the multimode waveguide with inte-
grated mode multiplexers such that we can selectively inject light into the symmetric and
antiysymmetric spatial modes.

Using an erbium-doped fiber amplifier, intensity modulator, and variable optical attenu-
ator, we synthesize a pump (wp) and signal wave (ws = wp—{2) from a tunable telecom-band
external cavity diode laser (Agilent 81600B). The experimental setup is diagrammed in Fig.
5.1B. We separately inject the pump and signal waves into the symmetric and antisymmet-
ric optical spatial modes of the Brillouin-active waveguide, respectively. As in Chapters 2-4,
we also create an optical local oscillator (LO) using an acousto-optic modulator to produce
a blue-shifted (wp + Asom) reference tone for heterodyne detection of the selected signal
sideband ws = wp — 2.

We characterize the salient properties of the system by measuring the Brillouin gain
spectra over a range of pump powers. Figure 5.1C plots the measured peak signal gain as
a function of pump power. The theoretical trend corresponds to a Brillouin gain coefficient
of Gg = 879.1 W~ lm™!. An example Brillouin spectra at a pump power of 54 mW is
plotted in 5.1D, revealing a resonance full width at half maximum (FWHM) of 10.3 MHz.
These results represent a significant improvement in Brillouin coupling (1.87x increase)
and acoustic Q-factor (1.27x increase) relative to our prior work (see Chapter 2). These
data suggest that the improved uniformity of this photo-lithographic approach significantly
reduces the level of inhomogeneous broadening-a limitation in our prior electron-beam

approach (see discussion in Section 4.1).

5.2.2 Forward intra-modal Brillouin waveguides

We also fabricate devices that are optimized to produce coupling through forward intra-

modal Brillouin scattering. As described in Chapter 1, forward intra-modal couplings occur
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between light fields that co-propagate in the same optical spatial mode. In contrast to inter-
modal Brillouin scattering, which yields single-sideband gain, the underlying dynamics of
forward intra-modal Brillouin scattering produce dual-sideband gain.

To promote large forward Brillouin couplings, we use an optical waveguide width and
phonon membrane width of 1 pm and 3 pm, respectively, adapting the design of Ref. [23]. As
in the case of the inter-modal Brillouin waveguide (Section 5.2.1), we increase the Brillouin-
interaction lengths using a serpentine pattern, yielding a total Brillouin-active region of 6.1
mm.

To experimentally characterize the device performance, we slightly modify the experi-
mental scheme described in Section 5.2.1. The apparatus is illustrated in Fig. 5.2B. Here,
we synthesize a signal wave by directly modulating the pump wave at a frequency €2 such
that the signal wave at wp, — §2 is co-located in the same optical path. In this way, it is
straightforward to couple both waves into the same (symmetric) optical spatial mode, as
is required for forward intra-modal Brillouin scattering. However, in the case of forward
intra-modal Brillouin scattering, we must also consider the effect of the blue-shifted side-
band (wp, — Q) that is also generated through intensity modulation. Since the Stokes and
anti-Stokes processes phase-match to the same phonon, the presence of both sideband yields
an effective scattering rate that is twice as large as that of the case of a single sideband.

We measure the dual-sideband Brillouin gain spectrum over a range of pump powers,
as plotted in Fig. 5.2C. The fitted theory trend yields a Brillouin gain coefficient of Gg =
2191.2 W—lm™!. Figure 5.2D shows the Brillouin gain spectrum at a pump power of 53
mW, with a FWHM of 4.5 MHz. This represents a 1.96x improvement in the Brillouin gain
coefficient and a 1.36x improvement in the acoustic quality factor relative to prior forward
Brillouin active waveguides fabricated with electron-beam-based techniques (of length L =

2.9 cm) [23].

5.2.3 Photonic-phononic emit-receive (PPER) filters

To further analyze the impact of this CMOS-foundry fabrication on the acoustic properties
of our Brillouin systems, we also fabricate Brillouin-based photonic-phononic emit-receive

filters. These devices consist of an optomechanical structure with two spatially distinct
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optical waveguides, labelled ‘emit’ and ‘receive’ as shown in Fig. 5.3A-B. Through a basic
PPER operation, intensity modulated light propagating in the emit waveguide drives an
elastic wave that extends through receive waveguide. Through linear forward Brillouin
scattering, this elastic waveguide imparts phase modulation on light propagating in the
receive waveguide. This is the basis for a class of narrowband, high-rejection Brillouin
filters, whose intrinsic filter bandwidths are determined by the acoustic properties of the
system. In this way, PPER devices provide clear insight into the relevant acoustic properties
of the system.

We characterize the performance of such PPER filters using the apparatus diagrammed
in Fig. 5.3C. Telecom light from laser 1 (we) is intensity modulated at €2, amplified through
an erbium-doped fiber amplifier, and directed on-chip into the emit waveguide. Light from
laser 2 (wy) is split into two paths. The upper path couples light on-chip into the receive
waveguide while the lower path is used to synthesize an optical local oscillator. At the
output grating coupler, phase-modulated receive light is combined with the optical LO
for heterodyne detection. To analyze the Brillouin-active PPER spectrum, we sweep the
intensity modulator frequency (Q) and synchronously detect at (2 + Asom)

Fig. 5.3D plots the observed PPER spectrum, which reveals a series of resonant features
with large signal-to-noise (SNR). A zoomed-in spectrum of the resonance at 4.35 GHz is
plotted in Fig. 5.3E. These data demonstrate acoustic Q-factors of nearly 2,000, represent-
ing a 2-fold improvement relative to device fabricated with our electron-beam lithography

process [140].

5.2.4 Inter-modal Brillouin laser resonators

We also study the performance of inter-modal Brillouin laser resonators fabricated with this
new process (see Fig. 5.4A for an image). These systems are similar to those described
in Chapters 3-4. The resonators consist of 5.1 mm-long multimode racetrack with two 2-
mm, suspended Brillouin-active regions. The waveguide along these segments is identical
to that of the linear inter-modal waveguide (see Section 5.2.1). Note that this inter-modal
Brillouin resonator geometry occupies a ~ 10x-smaller footprint than the laser and is 3x

smaller than the resonantly enhanced amplifier described in Chapters 3 and 4, respectively.
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In addition, here we interface the devices with up to 3 mode-specific couplers, opening the
door to new control and functionality.

We first characterize the multimode optical spectra of the resonator, as shown in Fig.
5.4B-C. These data are obtained by measuring the transmission at the through port of
an antisymmetric mode-selective coupler. The observed spectra reveal well-defined sets of
broad and narrow resonances that are produced by the antisymmetric and symmetric spatial
modes of the waveguide, respectively. The cavity resonances arising from the symmetric
waveguide mode exhibit a Q-factor of nearly 2 million. This represents a near two-fold
improvement relative to our resonantly enhanced amplifier resonators (which are also inter-
faced with multiple couplers), despite the significant reduction in footprint. Fitting these
optical spectra to our theoretical model (see Supplementary Materials of Ref. [95]), we find
that linear propagation loss around the racetrack is 0.17 dB/cm, representing state-of-the-
art performance for this waveguide geometry.

We also test the devices for both lasing and resonantly enhanced amplification. We
find that all four inter-modal laser resonators easily achieve Brillouin lasing (as shown in
Fig. 5.4D) and can be used to achieve high degrees (> 30 dB) of resonantly enhanced
amplification. The high degree of repeatability bodes well for future implementation in

active silicon photonic circuits.

5.2.5 Summary

We have demonstrated high-performance Brillouin amplifiers, filters, and lasers using a
CMOS foundry process. These results show that suspended Brillouin devices are compatible
with CMOS-based techniques and that the improved uniformity made possible through
photolithography translates into enhanced device performance, yielding lower optical and

mechanical loss and larger Brillouin coupling strengths.

5.3 Integration with active silicon photonic circuits

The ability to fabricate high-performance Brillouin-photonic devices with CMOS fabrication

techniques opens the door to new opportunities to harness, control, and utilize Brillouin-
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based device physics within active silicon photonic circuits. To this end, we seek new co-
integration strategies that allow us to selectively release suspended Brillouin-active segments
while protecting sensitive oxides, metals, and other layers that are susceptible to hydrofluoric

acid (HF).

5.3.1 Co-integration strategy

A promising approach involves creating lithographic masks for the final HF wet-etch. For-
tunately, HF is a non-oxidizing acid, and as such, leaves many common resist films intact.
Thus, through lithographic control we can selectively open portions of the resist films and
selectively expose them to the HF wet etch. Following the standard CMOS foundry process,

our strategy consists of 3 simple steps, as outlined below.

1. Pattern an HF wet etch mask on top of an oxide-clad active silicon photonic circuit,

with openings above the selected suspended portions.

2. Perform the HF wet etch. The HF will easily penetrate through the exposed oxide

and through the defined slots to suspend the Brillouin-active regions of the device.

3. Remove the residual resist through a solvent clean.

Co-integration of suspended structures and active silicon photonics circuits allows us to
envision a host of new device concepts. Figure 5.5 shows several such designs. Our strategy
allows us to interface Brillouin amplifiers, including linear and resonant varieties as shown
in Fig. 5.5, with a range of silicon-photonic modulators. This is a particularly synergistic
combination in the case of single-sideband (SSB) modulators [141], whose modest output
powers could benefit from high-gain Brillouin amplification. More generally, introduction
of Brillouin devices to active silicon photonics allows us to fill a pressing need for high-
performance silicon-based laser oscillators, amplifiers, and non-reciprocal devices.

At the same time, co-integration with active silicon photonic circuitry gives Brillouin-
based devices new degrees of control and added functionality. Specifically, through precise

doping and low-ohmic metal contacts, we can create devices such as p-i-n junctions and
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Figure 5.5: (A)-(D) Four possible device concepts for integration within active silicon pho-
tonic circuits. The active portions are those that retain the oxide cladding while the
remainder is exposed to the HF wet etch. The ability to fabricate suspended Brillouin
structures with active silicon photonics allows us to interface modulators (such as a single-
sideband (SSB) modulator [141]) with (A) linear and (B) resonantly enhanced Brillouin
amplifiers. (C) With these active circuits, we can add new degree of control such as inte-
grated heaters [142] and carrier sweeping [143]. (D) Integrated heaters can allow us to tune
the Brillouin resonance in situ through the thermal-elasticity of silicon. This new control
would allow us to compensate for the effects of inhomogenous broadening for significantly
enhanced performance.
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integrated heaters. P-i-n junctions can be used for nonlinear loss mitigation through free-
carrier removal, enabling enhanced power handling. Additionally, through the large thermo-
optic coefficient of silicon [144], which permits an effective 0.8 nm change for every 10 K AT,
integrated heaters allow us to actively optimize the operation of interferometers, resonators,
and other interference-based devices.

Thermal phase shifters are especially useful in the case of a resonant Brillouin amplifier,
as diagrammed in Fig. 5.5, which provides large (~ 30 dB) gains but over modest (< 1
MHz) bandwidths. However, since the Brillouin condition is satisfied by a pair of symmetric
and antisymmetric cavity modes that occur approximately every nm, thermal control of as
little as ~ 1 nm could enable tunable operation of the resonant Brillouin system across the
entire c-band. Moreover, as illustrated by Fig. 5.5D, thermal control may also enable active
trimming of the Brillouin resonance along the device length, allowing us to compensate for
unwanted inhomogeneous broadening effects that suppress large Brillouin couplings.

Beyond the device concepts presented here, co-integration of suspended Brillouin devices
and active silicon photonic components opens the doors to a new realm of state-of-the-art
signal processing technologies. For instance, we will have the ability to develop fully inte-
grated RF-photonic links with state-of-the-art Brillouin based filters [22, 24, 140], resonant
systems with tunable, two-point couplers [145] for optimized amplifier and non-reciprocal
properties, interferometer-based high-power Brillouin amplifiers with pump suppression and
nonlinear loss mitigation, distributed Brillouin sensors on a chip [21], and elector-mechanical

silicon-based devices for broadband non-reciprocity.

5.3.2 Layouts and designs

We have designed a range of active Brillouin-based photonic circuits, including single-
sideband modulators [141] interfaced with resonant Brillouin amplifiers, linear Brillouin
amplifiers with carrier sweeping, interferometer-based forward Brillouin amplifiers, reconfig-
urable resonant Brillouin amplifiers with thermal tuning and carrier sweeping, and photonic-
phononic emit receive (PPER) [22,24,140] filters with thermal Brillouin resonance tuning.
These devices have recently undergone the CMOS fabrication steps and we anticipate test-

ing in the coming months. In what follows below, we describe the basic elements of our
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active Brillouin design. We highlight an active resonant Brillouin amplifier as an example.

Figure 5.6 contains a GDS layout of a set resonant Brillouin amplifiers with varying
degrees of active tunability. The design is defined by a number of device layers, as detailed
in the top right of Fig. 5.6. A zoomed-in section of a resonant Brillouin amplifier interfaced
with an integrated heater and p-i-n junction. Apart from the slots for waveguide suspension
and areas surrounding the thermal heaters, we leave a 150-nm layer of silicon throughout
the chip, permitting the 250-nm silicon layer to act as a low-loss ridge waveguide. The chip
will be oxide-clad except for the regions that define the HF mask. N- and p-type doped
regions are used to create an extended p-i-n junction along the length of the resonator,
with the intent of nonlinear loss mitigation through free-carrier removal. The n- and p-type
regions have a electron and hole densities of approximately 2 x 10'® cm~2 and 10% cm=3,
respectively.

N-type doping is also used as the resistive segment of the integrated heater, which has a
2-D sheet resistance of 30 Q/J, significantly smaller than the 0.45 M€/ sheet resistance
of the standard silicon layer. Taking this value into consideration,? the integrated heater
design shown in Fig. 5.6 has a calculated resistance of 480 €. This value should permit
up to 100 K temperature shifts with < 100 mA of supplied current. Both the integrated
heaters and p-i-n structures are connected to an array of contact pads (bottom of Fig. 5.6)
through low-ohmic tungsten vias and planar aluminum wires. In this way, we can actively

control the operation of each device through a multi-contact wedge probe.

5.4 Conclusion and outlook

In this chapter, we have shown that silicon-based Brillouin devices are compatible with stan-

dard CMOS foundry-based fabrication techniques.> Moreover, we have demonstrated that

2. /0 may seem an odd unit choice, but can be understood in straightforward terms. We can express the
resistance of a 3-D geometry in terms of the resistivity p, the cross-sectional area A, and the length L, such
that Rsp = pL/A. Now, consider a 2-D geometry resulting from the collapse of a 3-D geometry of thickness
t and width W. In this case, Rsp = pL/(tW) = RopL/W, where Rop = p/t. We therefore assign Rap the
units of /00, where the O denotes the case where L = W. Thus, the resistance is invariant provided that
the aspect ratio of the thin film is preserved. To calculate the resistance of a rectangular geometry, we need
only scale the sheet resistance Rap by L/W.

3. The only additional step is a final HF-wet etch that may eventually be integrated into full process flow,
as outlined in Section 5.3.1.
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the improved precision and uniformity afforded by these mature processes enable significant
enhancements in performance and device yield. Building on these results, we develop new
strategies for co-integration to permit (1) the adaption of powerful Brillouin-based laser,
amplifier, and non-reciprocal device physics to active silicon photonic circuits and (2) the
addition of new functionality and control of Brillouin-based systems. To this end, we design
and fabricate a range of Brillouin devices within active silicon photonic circuits. Looking
forward, this work lays the groundwork for a host of rapidly reconfigurable Brillouin-based
technologies—whose performance can be dynamically controlled—within active silicon pho-
tonic circuits. These capabilities add new degrees of tunability and control that can be
combined with other strategies to manipulate Brillouin dynamics for high-performance in-

tegrated silicon Brillouin devices.
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Chapter 6

Backscatter-immune

injection-locked Brillouin laser

6.1 Introduction

In the mid-17th century, the Dutch scientist Christiaan Huygens observed that two pen-
dulum clocks suspended on the same wooden support exhibited what he called an ’odd
sympathy’; they began to oscillate synchronously and keep time at the same rate [146].
Since that time, the nonlinear dynamics associated with synchronization have been observed
and utilized in a variety of mechanical, biological, and optomechanical systems [146, 147].
In particular, as nonlinear self-sustained oscillators, optical lasers can also spontaneously
synchronize and assume the phase and frequency of an incoming signal [148,149]. This
property is often viewed as a drawback, as optical lasers are in general highly sensitive to
unwanted feedback from back-scatter, sometimes leading to unpredictable behavior. At the
same time, however, these unique nonlinear dynamics can be harnessed for a powerful and
elegant stabilization technique known as injection locking [148,149].

Through injection locking, a laser’s frequency and phase can be controlled by an injected
seed, provided that the signal falls within the lock range of the device [150,151]. In contrast
to other stabilization techniques, such as optical phase locked loops [152,153] or Pound-

Drever-Hall locks [154], injection locking relies only on the intrinsic nonlinear dynamics of
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the laser, requiring no active feedback or complex locking electronic electronics [155]. Given
its simple implementation, injection locking has found widespread use in a range of basic-
science and technology applications, from signal synthesis in atomic physics demonstrations
[156-158] to carrier recovery for coherent optical communications [159,160].

Given the extensive applications and simple implementation, it is surprising that this
form of injection-locked control has not been exploited in the context of low-noise Brillouin
laser systems. A possible explanation for the absence of Brillouin-based injection locked
technologies is that, the time dynamics conventionally exhibited by Brillouin laser systems,
which require ultra high-Q optical resonators, may not be amenable to such techniques;
if not derived from an ultra-narrow linewidth source itself, an injected seed may actually
enhance the phase noise of the Brillouin laser. In this context, the unconventional regime of
temporal dynamics exhibited by our silicon Brillouin laser, in which optical self-oscillation
yields highly coherent pump and Stokes fields (see Chapter 3), unlocks new opportunities
for injection-locked Brillouin laser technologies. If it is derived from the same pump laser,
we will see that the injected seed actually represents the ideal low-noise input, allowing us to
reduce the laser linewidth far below the Schawlow-Townes limit. Moreover, the multimode
nature and enhanced flexibility of this inter-modal Brillouin design are ideally suited to
injection-locked operation, allowing us to selectively control the laser gain and emission
through distinct mode-selective ports.

In this chapter, we demonstrate injection-locked operation of a inter-modal silicon Bril-
louin laser system and explore its dynamics through a combination of analytical, numerical,
and experimental analysis. We show that injection locking is a powerful tool not only for
frequency stable control, but also to manipulate the intrinsic noise dynamics of the system.
These dynamics permit a lock range of nearly 2 MHz (~ 20% of the Brillouin gain band-
width) and up to 70 dB of phase noise reduction, representing a dramatic improvement
beyond our previous results presented in Chapter 3. In addition, when injected with a
low-power seed this process can also be viewed as a very efficient means of amplification,
allowing us to use this technique to demonstrate more than 23 dB of effective net amplifi-
cation. We demonstrate this physics not only with our standard electron-beam lithography

process at Yale, but also with the improved CMOS foundry process described in Chapter 5,
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highlighting the potential for scalable integration of injection-locked Brillouin technologies
within complex silicon photonic circuits.

Moreover, this system offers a powerful new paradigm to non-reciprocal technologies.
So far, the conventional strategy assumes that the laser and isolator are two distinct com-
ponents: the laser source—which is highly sensitive to any feedback—is protected from
unwanted back-scatter by the isolator. By contrast, here we demonstrate a laser system
that is itself a non-reciprocal element. Due to the unidirectional nature of Brillouin am-
plification, we show that injection of a forward-propagating signal successfully controls the
laser oscillation while an unwanted (backward-propagating) interferer—that would ordinar-
ily disrupt laser performance—Ileaves the laser unaffected. Such behavior demonstrates not
only that this Brillouin laser is back-scatter immune, in sharp contrast to conventional laser
systems, but that it could also be used as either a unidirectional amplifier or a frequency-

shifting optical isolator to protect sensitive chip-scale sources.

6.2 Demonstration of injection-locked operation

We consider an inter-modal laser geometry with up to 3 different mode-selective couplers,
as diagrammed in Fig. 6.1A. Couplers A and B (labelled MC1) produce high-contrast input
and output coupling to the symmetric cavity modes, while mode-selective coupler C (MC2)
preferentially couples to the antisymmetric cavity modes. The coupler design for MC1
and MC?2 is discussed in Chapter 4. Using the CMOS foundry photolithography process
described in Chapter 5, MC1 and MC2 can be highly mode selective, with crosstalk levels
as low as -40 and -25 dB, respectively. These mode-specific couplers enable precise control
of the inter-modal nonlinear gain and laser emission as illustrated in Fig. 6.1A. As shown
in Fig. 6.1D, efficient laser oscillation at we occurs when the pump wave is tuned to an
antisymmetric cavity resonance wj® that is separated in frequency from a symmetric cavity
mode w} by the Brillouin frequency Qp. Above threshold, we inject a seed wave into a
symmetric cavity mode and tune its frequency ws within the vicinity of the natural laser
emission frequency we = wp —§)B to achieve injection-locked operation of the Brillouin lasing

such that we = ws.
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The injection locking dynamics of this system are characterized through heterodyne laser
spectroscopy using the experimental setup diagrammed in Fig. 6.2A. The apparatus directs
telecom-band laser light (\,) along 3 different paths to (1) supply the pump wave of a desired
power using an erbium-doped fiber amplifier (EDFA) and variable optical attenuator (VOA),
(2) synthesize a seed at frequency ws = wp — €2, and (3) create an optical local oscillator
(LO) at frequency wp+A using an acousto-optic modulator for heterodyne spectral analysis.
Fiber-optic couplers and switches route the pump and seed waves onto the chip through
grating couplers. Subsequently, the pump and seed waves are resonantly coupled into the
antisymmetric and symmetric cavity modes using the mode-specific couplers and frequency
selectivity of the resonator. Above threshold, the laser emission exits the resonator through
coupler B toward the output grating coupler. Once off-chip, this laser light is combined with
the AOM-shifted optical LO and detected by a high-speed photo-receiver. In conjunction
with an RF-spectrum analyzer, this scheme allows us to study the heterodyne spectrum—
which reveals the degree of coherence between the laser emission and the pump—with
Hz-level resolution. It is important to note that such fine resolution is made possible by the
stability provided through injection locking.!

This scheme allows us to characterize key properties of the injection locking Brillouin
dynamics as a function of frequency detuning and seed power. The upper density plots in
Fig. 6.2Bi-iii reveal the evolution of the power spectral density as the seed frequency wg
is tuned through the natural laser emission frequency wp — Q2. These measurements are
repeated for a set of 3 distinct signal powers (i-iii), and each plot is composed of a series of
38 spectral traces. As the seed frequency approaches the natural oscillation frequency, we
observe a crescendo of four-wave-mixing-like scattering—manifest by many equally spaced
tones (see Section 6.3.1 for explanation)—that abruptly transitions into injection-locked
lasing over a lock range we + 6/2. Within this range, the laser emission is captured by
the seed source, assuming its frequency, phase, and coherence properties. Moreover, at the

lowest seed powers, injection-locked lasing yields a dramatic power enhancement of the seed

1. This is a significant improvement relative to the case of a free-running Brillouin laser, where the
resolution is limited to around 20 kHz by instabilities produced by low-frequency jitter in the pump laser
frequency. See Section 3.5 for more details.
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source, corresponding to an effective net amplification of more than 23 dB over a lock range
of 0.5 MHz. As we increase the seed power, we observe a clear enlargement of this lock

range up to a maximum ¢ = 1.8 MHz.

6.3 Injection locking dynamics

In this section, we develop analytical and numerical tools to understand the nonlinear
injection-locking dynamics and the resulting phase- and relative-intensity noise reduction
properties. As introduced in Chapter 3 and Chapter 4, the mean-field equations of motion

for the silicon Brillouin laser are given by [95,97]

s(t) = —iwfas(t) — T5as(t) — ig ap(t)bl (1) + yTATS™ (1)
b(t) = —iQpb(t) — gb(t) — ig*ap(t)al(t) + n(t) (6.1)

dp(t) = —iwfap(t) — T22ay(t) - igas(t)b(t) + yACZSY (1),

where as(t), b(t), and ap(t) are the coupled-mode amplitudes for the Stokes, phonon, and
pump fields, respectively, with units of [v/number], a(t), b(t), and ap(t) are the time deriva-
tives of these same fields, S™(t) and S;n(t) represent the input seed and pump-wave fields
(with units [v/number x Hz]), and 7(¢) is the mechanical stochastic driving term that is
consistent with the fluctuation-dissipation theorem, with a two-time correlation function of
(n(t"ni(t)) = T(nen + 1)8(t — t'), where ngy, is the thermal occupation of the phonon field
and I is the phonon dissipation rate. We denote the Hermitian conjugate with t and use *
for the complex conjugate. Here, g is the Brillouin coupling rate (related to the Brillouin
gain coefficient by Gg = 4|g|?|ap|?/Ppl'vg,1, where P, is the pump power and vg is the
group velocity of the first spatial mode), v(a B,c),(1,2) are the dissipation rates produced by
couplers A, B, or C for light propagating in the symmetric (1) or antisymmetric (2) spatial
modes, and "1,(1,2) are the total dissipation rates associated with resonant symmetric (w7)
and antisymmetric modes (w3*). Since the system is dominated by the thermal noise of the
phonon field, for simplicity we neglect optical vacuum fluctuations.

We next move to the rotating frame by substituting the slowly varying envelopes as(t),

b(t), and @, (t), which are defined by as(t) = @s(t) exp (—iwst), ap(t) = Gp(t) exp (—iwpt),
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and b(t) = b(t) exp (—iQ). The terms 7(t), S™(¢), and S'Ii)n(t) are shifted in like manner.

This transformation yields

Gs(t) = i(ws — w1)as(t) - %Ot Lag(t) — ig*ap(t)b (t) + A 15 ™ (t)
b(t) = (2 — Qp)b(t) — Eﬁ(t) _ig*a,(t)al () + 7(t) (6.2)

ip(t) = i(wp — w5)ap(t) — L2523, (t) — igas(£)B(1) + AC2Sy (1)

where conservation of energy requires wp = ws + {1p.

6.3.1 Stochastic simulations

Building on this analytical framework, we develop stochastic simulations to understand the
nonlinear injection-locking dynamics of the system. Similar methods are used in Chapter 3
to predict Schawlow-Townes narrowing. The numerical approach described in this section
is the basis for the bottom 3 plots of Fig. 6.2D.

We begin by discretizing the equations of motion in the rotating frame (Eq. 6.2), which

yields

Ttot,2
Up,j+1 = ap,j — At[=ap,; +19as,;bj — v/ Feot, 2Spj]

2
A Ytot,1 S (6 3)
as7]+1 - aS)] t[ 2 a‘SJ + Zga/S,] J RV ')’tot 2 ] .

bji+1 =1b; At[ bj + igap jag ; — 7],
where At is the interval of the chosen time step and subscript ; identifies the index of
the complex mode amplitude in discrete time increments At (i.e., such that a; is a(t) for:
Atx (j —1) <t < At*j). We note that, for simplicity, we assume that each mode is on
resonance. We also neglect optical vacuum fluctuations and assume no input noise in the

optical pump and signal fields. In this analysis, source fields of Eq. 6.3 can be expressed as

in P ,in
Sp,] = ﬁfdp
Qin Ps,in —i(ws—we) AL 6.4
gin =, / e (ws —we) (6.4)
— nenl’ .
7j AL (R1 + iR2)



where P, ;n and Py, are the optical powers of the input pump and seed fields and Ry and
R, are normally distributed random Gaussian numbers with variance 1 and mean 0.

Using this framework, we carry out a series of stochastic simulations over a range of
seed powers and detunings. These simulations use a discrete time domain comprised of
5 x 108 time steps, each of duration At = 10719 As shown in Fig. 6.2D, the lock ranges
(6) obtained from these theoretical simulations (bottom) demonstrate excellent agreement
with our experimental observations. We also note that, in good qualitative agreement with
our measurements, these simulations exhibit the same four-wave-mixing-like dynamics when
the seed frequency is in sufficient proximity of the lock range. These spectral features are
intriguing given that our simulations include only the Brillouin nonlinearity and do not
include Kerr nonlinearities. This is a manifestation of the fact that, like Kerr and Raman
interactions, stimulated Brillouin scattering is fundamentally a x® nonlinearity, although
in contrast to electronic Kerr nonlinearities, this wave mixing is mediated by phonons.
Thus, within the Brillouin gain bandwidth (~ 9 MHz) and less stringent phase-matching
bandwidth (~ 90 GHz; see Section 8.6), phonon-mediated four-wave-mixing can occur, as

evidenced by our measurements and simulations.

6.3.2 Relative intensity noise (RIN) and phase noise reduction

Building on the analysis in Section 6.3, we explore the time dynamics of injection locking and
the resulting noise properties. As discussed in Chapter 3, there is a well-defined dissipation
hierarchy between the pump, Stokes, and phonon fields (given by Yiot2 > Yot > T,
respectively) in our silicon Brillouin system, which allows us to adiabatically eliminate the
pump and Stokes fields as

2 -
ap = (—igash + \/7c2S5y)
VYtot,2

o Xs[VTAIS" — 2ig* /7025y /rot,2b']
’ 1 4 2[g[21b1%xs/Vtot,2

(6.5)

b

where the Stokes susceptibility xs is given by xs = (—i(ws — W) + Ytot,1/ 2)~! and we have
taken the pump to be on resonance (i.e., wp = w4*). Inserting these expressions into Eq.

6.2 yields the following nonlinear equation of motion for the phonon degrees of freedom:
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b(t) = Q()b(t)? + M(£)b(t) + W (t) + 7(t), (6.6)

where Q(t), M(t), W(t), and o(t) are defined by

2ig|g)?|xs|? ’)’A,l’)’c,zgin*gin
Qw=—dﬂ[ NALSRITLs ]

Ytot,2

2|g|%vc 2 S 2 x¢
VYtot,2 (6.7)

. r in
M(t) = i(2 - Qp) — 5~ o(t) [|Xs|2|9|27A,1|S ? -

W(t) = o(t)[ - ig"Xs v/ TA,17C25 " Sy']
B 2
ot,2| 1 + 2|g12[b()|2xs/Yeot 2|

o(t)

Following the same approach developed in Section 3.4.4, we separately analyze the phase

noise and relative intensity noise using the substitution

b(t) = (B+ 0B(t))e ), (6.8)

where real-valued 63(t) and @(t) represent the intrinsic zero-mean amplitude and phase

fluctuations of the laser system, respectively. Inserting this expression into Eq. 6.6, we find

6WWWWHMMﬂwmme=Q@@+M@%M@+me+wwww>m%
+ W (t) + 7(t).

Assuming resonant conditions (i.e., ws = wi") and considering the relative phases between

W (t) and Q(t), we can rewrite these expressions as

W (t) = W (t)]e'

Q(t) = —|Q(t)|e~*°

(6.10)

where the time-independent phase ¢g is defined as ¢g = arg[—ig*Si“*S;n]. As such, Eq. 6.9

can be re-expressed as
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5B(t) + ip(t)(B + B(t)) = —|QE)| (B + 58(¢))2e ¢ =%) 1 M(£)(8 + 6B(t))

4 |W(t)|e—i(¢(t)‘¢0) + ’f_](t)

(6.11)

Here, we have used the fact that the Langevin term 7j(t) is uncorrelated with e=#¢(®).2
Assuming small phase fluctuations when injection-locked, we expand i (#(t)=%0) to first order

as e (¢(t)=%0) x5 1 4 i(¢(t) — o), yielding

SB(t) +id(t)(8 + 6B(1)) = —Q)(B + 68(1))*(1 +i(4(t) — o)) + M(t)(B + 65(2))

+ W (@)1 —i((t) — ¢o)) +7(t)-
(6.12)

Separating Eq. 6.12 into its real and imaginary parts yields two independent equations
of motion for the amplitude and phase fluctuations, allowing us to calculate the expected

relative intensity noise and phase noise reduction due to injection locking, respectively.

Relative intensity noise (RIN) reduction

From the time dynamics contained in Eq. 6.12, we first calculate the two-sided spectrum

of the relative intensity noise (RIN), which is defined by [161]

1 * 2w fr
RIN = = /_ dn(SP(t+ T)EPE) T, (6.13)

where P is the power and §P(t) are the zero-mean power fluctuations.
To capture the salient nonlinear effects produced by pump depletion, we Taylor expand
o(t) to first order—using 6(t) < B—to isolate time-independent and time-dependent parts

such that

o(t) = o — ormop(t), (6.14)

2. As we will see later, 7(t) is the driving term in the phase evolution (see Eq. 6.22). We recall that 7(t)
is delta-correlated in time. This implies that, since the phase responds after some non-zero time interval,
the phase is instantaneously uncorrelated with the Langevin source.
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where o and ogrin are defined as

2
B ’)’cot,2|1 + 4|g|2f32/(%ot,2’7tot,1)|2
47’520t,1|g|25
3
'Yt2ot,2 (/2 + 2|9128%/¥sot,2)

(6.15)

ORIN =

Under this approximation, Q(t), W(t), and M (t) (defined by Eq. 6.7) can be expressed as

Q(t) = Q(l B URIN55(t)>

W(t) = W(l - "R‘N—‘w(t)) (6.16)

g
B orN(M — ’L(Q - Q)+ g)
ag

where we have used Eqgs. 6.14, Eqs. 6.15, and 6.7. Here @, W, and M are the time

M(t) = 6B (1),

independent contributions of Q(t), W(t), and M(t) (i.e., take definitions with o(t) — o in
Eq. 6.7).
To analyze the RIN reduction permitted by injection locking, we apply these expressions

and isolate the real part of Eq. 6.12, which yields

50(t) = B +1QIE + W] — N 5(1) + M (617)

where (7(t)+77()) /2 is the real part of the Langevin term n(t) and the amplitude fluctuation

decay rate I'gin is given by

(6.18)

I‘RIN _ URIN (131—\ 2|Q|,82 + 2]W| + 4IB|Q|O)

RIN

We have also used the fact that the real part of M (R[M]) vanishes above threshold; in
other words, the Brillouin gain balances the total loss to an excellent approximation [162].

Now, solving Eq. 6.17 we find

t N 4+ at (! r )

5) = [_at| - 1@l + i+ TETE B0, eag)
—00

where we are integrating over the dummy variable ¢

Taking the expectation value of Eq. 6.19, and using the fact that §3(t) is a stochastic
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variable with zero mean (i.e., (§8(t)) = 0), we find that —|Q|3? + |W| = 0. Using this
relationship, the expression for Irin (Eq. 6.18) can be simplified as T'rin = oringIl/o +

4|W|/B. To find the relative intensity noise, we must evaluate (63(t+7)53(t)), which yields

t . ,
(3B(t+7)38(0) = § /_ 0t (9ng, + 1)Te~ "3 @1/ ~2t-7)

(6.20)
_ L@ +1) [e—f%mrq.

4AT'rIN

here we have assumed that the Brillouin-active phonons are at thermal equilibrium such
that (n(t)nf(t)) = T'(ni, + 1)8(t — '), where ny, is the thermal occupation of the phonon
field.

Since the power P o (8 + §3(t))?, the power fluctuations 6 P are proportional to 2364,

again assuming small amplitude fluctuations (i.e., 63(t) < 5). As such, the RIN becomes

1 * 2w fT
RIN = = /_ . dr(6P(t + )8 P(t))e™S

= % /_OO dr(6B(t + T)66(¢)) 2T (6.21)

 T(2mm +1) 1
~ BTrin  (Trin/2)%+ (2nf)?

which is the central result of this section.

As evident from Eq. 6.21, the RIN spectrum is defined by a characteristic Lorentzian
shape with a FWHM given by I'riy = orinBT /o + 4|W|/B. In this expression, orinGIL/o
represents the intrinsic decay rate for amplitude fluctuations in the absence of an injection
seed, and, as it should be, is consistent with our RIN analysis of the Brillouin laser dynam-
ics in Chapter 3. The 4|W|/8 term represents the additional damping of the amplitude
fluctuations due to the injected seed (|W| is proportional to the seed input; see Eq. 6.7).

In this way, injection locking yields significant reduction of the RIN at low frequencies.

Phase noise reduction

We now consider the phase noise properties of the system and characterize the extent to
which the laser emission replicates the injected seed. The relevant differential equation is

obtained by taking the imaginary part of Eq. 6.12, yielding
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; a(t) — nt
o(t) = [!Qlﬂ + ‘%I] (¢o — ¢(t)) + W)T;(t) (6.22)
which yields a formal solution given by
¢(t) — ¢0 + [t dt/ [W%;_T(tl):l e [|Q|5+%] (t—t')‘ (623)

With the solution to the phase fluctuations ¢(t), we find the auto-correlation function

- __Tnm+1) e—[|Q|B+%]|T|
(p(t +7)o(t)) 521018 + 1] ; (6.24)

where we have again used the auto-correlation function (n(#)nf(t)) = T'(ng +1)6(t —¢') for
the Langevin driving term. This yields the phase noise

2()= [ artole+ mote)e

S4B (2Wl/B2 + (2rf)Y

We note that, as before, we have used the relationship —|Q|8% + |W| = 0. From Eq.

(6.25)

6.25, we infer the lock range to be the FWHM of the phase noise spectrum such that
§ = 2|W|/(nB) [163].3 Thus, taking the limit as f — 0, the phase noise relative to the

injected seed is given by

F(Qnth + 1)
16| 2
24 + 1 (6.26)

- 'VA,lPs ’
16GRPyug (—Wsm,1 )

2(0) =

where Gp is the Brillouin gain coeflicient, P, is the intracavity pump power, vg is the optical
group velocity, and P is the input seed power.
As evident from Eq. 6.26, we observe that the phase noise reduction is determined by

the ratio of the thermal phonon number (n,) to the coherent seed input (FPs). Fig. 6.3

3. The phase noise of the freely oscillating Brillouin laser can be recovered from Eq. 6.25 by taking the
case of |[W|? = 0.
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plots the estimated phase noise (Eq. 6.25) spectrum for 4 different seed powers. Increasing
the seed power both enhances the overall phase noise reduction and its bandwidth (given
by the lock range), which is consistent with the behavior of injection-locked microwave

oscillators [163].

Experimental phase noise measurements

We characterize these phase noise reduction properties using the experimental scheme de-
scribed in Fig. 6.2A. For the measurements, we use the optional intensity modulator to
directly synthesize the seed from the pump. The resulting injection-locked Brillouin laser
emission is detected by the high-speed photo-receiver labelled PD 2. Fig. 6.4A-B displays
high resolution (RBW = 100 Hz, RBW = 1 Hz) spectra of the laser emission beat note,
revealing a highly monochromatic resolution-bandwidth-limited signal.

Since the spectrum is phase-noise dominated (i.e., because 32 > 65(t)?), the phase
noise can be determined by analyzing the noise relative to the carrier. Relative to the free-
running silicon Brillouin laser (with a Stokes-pump beat-note linewidth of 1 kHz) [95], this
measurement demonstrates a phase noise reduction of more than 50 dB at both 30 kHz and
10 Hz offsets. We also measure the phase noise as a function of seed power, as shown in
Fig. 6.4C, revealing good agreement with the theoretical trend predicted by Eq. 6.25.4 At
the largest seed powers, the measured phase noise relative to the pump laser is nearly -105

dBc/Hz, corresponding to approximately 70 dB of phase noise reduction.’

6.4 Unique inter-modal Brillouin properties

6.4.1 Single-sideband emission

Because the laser gain mechanism is based on a phase-matched inter-modal Brillouin in-

teraction, it is inherently a single-sideband process. This property, in conjunction with

4. The theoretical trend presented in Fig. 6.4C is obtained from Eq. 6.25 using system parameters
that are corroborated by independent measurements (including a passive characterization of the device and
laser threshold conditions) and falls within the measurement uncertainty of the input seed power (which is
obtained by analyzing the heterodyne spectrum when the seed frequency is well outside the lock range).

5. Relative to a free-running Brillouin laser with a 1 kHz phonon linewidth.
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performance of mode-specific couplers, enables Stokes laser emission with significant pump
and anti-Stokes suppression, in contrast to conventional cavity-optomechanics [78] and for-
ward Brillouin scattering [165].% Figure 6.5 plots the laser output power spectrum obtained
through heterodyne detection using the apparatus diagrammed in Figure 6.2A. In this
experimental scheme, the frequency-shifted optical (A) local oscillator (LO) allows us to
measure the relative strengths of the emitted Stokes and unwanted anti-Stokes light, as
well as any residual pump light; in this case, optical beat notes of the frequency-shifted LO
with the Stokes, pump, and anti-Stokes field results in unique microwave tones that can be
analyzed simultaneously, as conceptually illustrated with the inset of Fig. 6.5.

Here, the measured heterodyne spectrum in Fig. 6.5 demonstrates nearly 50 dB of
anti-Stokes suppression. This contrast is made possible by (1) the phase-matching-induced
symmetry breaking between the Stokes and the anti-Stokes phonon wavevectors (i.e. gas 7#
gs) and (2) the frequency selectivity of the cavity (i.e., was # wy'). In addition, the mode-
specific couplers also prevent unwanted pump light from exiting the laser resonator with
the emitted Stokes light. Here, only 1 part in 105 of the intracavity pump light exits
the mode specific coupler, reducing the transmitted pump powers significantly below the

emitted Stokes powers.

6.4.2 Non-reciprocal control and back-scatter immunity

As we demonstrated in Chapter 4, an unusual property of this traveling-wave laser is that
the gain is intrinsically non-reciprocal. This feature has intriguing consequences on the
reciprocity of laser itself. We are able to explore these dynamics for the first time through
injection locking. Through these experiments, we use a fiber-optic switch to rapidly alter-
nate between forward and backward injection configurations (see Fig. 6.2 and Fig. 6.6A-B),
allowing us to analyze the resulting laser dynamics. As shown in Fig. 6.6A, when the seed
is coupled into the resonator such that it co-propagates with the self-oscillating Stokes
wave, we achieve a stable injection lock. By contrast, when the seed enters in the counter-

propagating direction, the laser emission is unaffected by its presence (see Fig. 6.6Bii). This

6. This is made possible by the modal degrees of freedom and stringent phase-matching conditions of
stimulated inter-modal Brillouin scattering.
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robustness to unwanted external feedback is in stark contrast to conventional lasers, whose

behavior would be substantially impacted by such a backward-propagating signal [166,167].

6.5 Conclusion and outlook

In this chapter, we have demonstrated injection locking in a silicon Brillouin laser and
explored its unique dynamics through combination of experimental, numerical, and ana-
lytical analysis. Devices are fabricated with standard electron-beam lithography and with
high-fidelity CMOS foundry processes (described in Chapter 5), allowing us to fully take
advantage of modal degrees of freedom to precisely control the laser gain and emission. We
have shown that this system is capable of injection-locked operation over a lock range of
nearly 2 MHz, representing a significant fraction of the Brillouin gain bandwidth. Impor-
tantly, our results highlight new strategies for dramatic phase-noise reduction, high-gain
amplification, and back-scatter immunity in an all-silicon system.

Injection locking presents new opportunities to control and manipulate the Brillouin
laser dynamics. First, using a seed synthesized from a stable microwave oscillator, injection
locking gives us the ability to control the frequency of the laser emission with Hz-level
precision. Second, thanks to the unique spatio-temporal dynamics of this silicon Brillouin
laser system, we can leverage injection locking to dramatically reduce the phase noise of
the laser emission relative to the pump. Given the inverted dissipation hierarchy of this
system (see Chapter 3 for more details), the free-running laser emission can be viewed as a
frequency shifted version input pump laser, with modest levels of residual phase noise (1 kHz
linewidth) due to the presence of thermal phonons. The most straightforward approach to
reduce the residual phase noise is through the standard form of Schawlow-Townes linewidth
narrowing, which scales as 1/P, (see Section 3.4.4 for more details). By contrast, here we
use injection locking to reduce the phase noise by ~ 70 dB relative to that of the free-
running laser oscillator (see Fig. 6.4A,C and Section 6.3.2 for more details). For context,
this same degree of phase noise reduction through Schawlow-Townes linewidth narrowing
would require 107 x the pump power.

These injection locking dynamics may lend themselves to a range of powerful silicon
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photonics device physics. First, this system permits large degrees (> 20 dB) of low-noise
amplification in an all-silicon system. The amplification can be further scaled by leveraging
the phase coherence between the input seed and output lasers to coherently combine a
parallel array of injection-locked Brillouin lasers. Second, the intrinsic single sideband
nature of this process may open the door to new single-sideband (SSB) modulation schemes.
SSB modulators are crucial components for applications ranging from communications to
spectroscopy, but existing technologies require a complex array of photonic modulators that
must maintain phase stable operation [141]. We have shown that, through the well-resolved
phase matching conditions and the design of our mode-specific couplers, we can achieve
single-sideband emission with nearly 50 dB of anti-Stokes and carrier suppression. In this
way, this injection locked system may be combined with existing intensity modulators to
achieve high-performance single sideband modulation. Finally, the unique properties of
this Brillouin system offer a powerful new approach to chip-scale optical non-reciprocity in
silicon photonics. The phase-matched nature of the gain process allows us to control the
laser emission only when injecting a seed in the forward direction. As such, an unwanted
back-ward propagating interferer leaves the laser unaffected. This form of back-scatter
immunity represents a dramatic departure from conventional laser systems and could be a

key resource in the development of robust integrated photonics systems.
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Chapter 7

Noise dynamics in Brillouin

amplifier systems

7.1 Introduction

In dissipative open systems, noise is what maintains the detailed balance necessary for
thermodynamic equilibrium. This relationship between dissipation and noise—known as
the fluctuation-dissipation theorem—gives rise to a host of interesting dynamics in the
context of Brillouin physics. As we have already discussed in Chapter 3 and Chapter 6,
thermal and zero-point optomechanical noise sources place a fundamental limitation on
the linewidth of Brillouin laser systems. In this Chapter, we (1) study the effect of these
optomechanical fluctuations on the performance of Brillouin amplifier physics, (2) develop
concrete performance metrics, (3) and discuss strategies to manage noise.

In what follows, we present a general and didactic treatment of the noise figure for both
linear and resonant Brillouin amplifiers systems (described in Chapters 2 and 4, respec-
tively). We adopt an unambiguous formulation for the optical noise figure in which the
excess noise is compared to the zero-point optical background [168]. We base our calcula-
tions on the equations derived from the traveling-wave Hamiltonian framework discussed
in Chapter 1 (see also Ref. [75]). Building on this formalism, we introduce Langevin terms

to represent the of thermal and zero-point fluctuations of the acoustic and optical fields,
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with correlation properties that are consistent with the fluctuation dissipation theorem.
This analysis reveals that the thermal occupation of the phonons is the key parameter in
determining the noise figure, and we discuss strategies to manipulate this important pa-
rameter. We also extend this analysis to calculate a range of other properties including the
out-of-band noise figure and the noise figure of a Brillouin-amplification-based filter within
an RF-photonic link. These formulations establish concrete guidelines for noise-conscious

design of future Brillouin-based photonic systems.

7.2 Noise figure definitions

From a systems perspective, one of the most important metrics is the noise factor, which
quantifies how the signal-to-noise ratio changes as a result of amplification. In general, the
noise factor (F) can be defined by the ratio of the input and output signal-to-noise ratios

(SNR), such that

_ SNR4
~ SNRy’

(7.1)
where SNR; and SNRj are the input and output signal to noise ratios. We note that it is
often common to refer to the noise figure, which is simply the noise factor on a dB scale
(i.e., NF = 10log;, F). Throughout this chapter, we speak of the noise factor and noise
figure interchangeably.

We can also recast the noise factor in terms of the gain and additive noise of the amplifier,

which can be expressed as

Signal in
B SNR1 B Noise in

SNR2 ( GainxSignal in ) (72)

Gainx Noise in+Additive noise

< Additive noise )

Gain x Noise in

Equation 7.2 reveals that the noise factor is inherently a measure of how the additive

noise of the amplifier compares with the amplified input noise. We also note that the noise
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factor is generally considered an intrinsic property of a system, and as such, should be
independent of the signal. This condition holds when the gain, input noise, and additive
noise are each independent of the signal.

In many instances it is important to consider the noise factor of system comprised of
multiple subsystems. When the noise factor is signal independent, we can easily calculate
the noise factor of the composite system from the noise factors of each individual system.

This leads to the well-known Friis formula for cascading amplifiers

F2—1+F3—1

7.3
G G1G2 (7.3)

Ftotalz‘Fl"I~

Here, F{(;23) and G(;23) represent the noise factors and gains for subsystems 1,23,
respectively. Friis’ formula underscores the intuition that the lowest noise figures are possible

by placing the component with the lowest noise figure first.

7.2.1 Noise figure of RF or microwave systems

To properly define the noise figure of optical amplifiers, we gain important insights by first
considering the noise figure of an RF amplifier. In this case, the dominant input noise is
thermal in nature and is often referred to as Johnson noise. Thus, the noise over some
bandwidth B is proportional to the thermal energy of the system KgT', such that the noise

factor becomes

Signal in
KgTB
o SNRy _ B
SNRj P
GainxSignal in (7 4
Gainx KgT B+Additive noise : )

14 Additive noise
- Gain x KgTB |~

We note that, since the noise factor is signal independent,! the cascading formula applies.

1. Given that the gain and additive noise are also signal independent.
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7.2.2 Noise figure of optical amplifiers

We next seek an unambiguous formulation of the noise figure for optical amplifiers. Here,
we must be careful to properly account for the noise sources associated with optical fields.
In particular, it may be tempting to consider shot noise, which grows in strength as the
number of photons (i.e., (¢n?) = 7), as the relevant noise source in optical amplifiers. If we

are to choose this definition, the noise factor can be expressed as
( " )
SNR n
F= L.

" SNR,
2 Gainxi? (7 5)
Gain xn+Additive noise :

(Additive noise)
=14 | =

Gain x 7

However, as discussed in Ref. [168], this definition becomes impractical for the analysis of
more complex systems. Namely, since the noise figure now depends upon the signal strength,
Friis” cascading formula no longer applies. Moreover, since shot noise requires some form
of detection, this choice would be ill-defined when considering the power spectrum in the
optical domain.

We recall that for an RF amplifier (where k,T >> hw), the relevant input noise arises
from fundamental thermal fluctuations. Given the high frequencies of the optical domain,
this noise source is negligible (i.e., kT < hAw), meaning that vacuum fluctuations are the
dominant source of noise. Thus, we can consider the fundamental optical noise produced

by vacuum fluctuations as the relevant background noise, which yields

SNR; Additive noise
[ ecihinhi QU - - 7 7.6
SNR, - " Gain x fwB (76)

The definition expressed by Eq. 7.6 shows that (1) the relevant background is determined
by the optical energy and (2) that the noise figure is signal independent, as it should be [168].
Building on this more practical formulation, we proceed to calculate the noise figure of both

linear and resonant Brillouin amplifier systems.
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7.3 Noise figure of Brillouin amplifier systems

In what follows, we seek to characterize the noise figure of both linear and resonant Brillouin
amplifiers. In Section 7.3.1, we derive the noise figure for a linear (non-resonant) Brillouin
amplifier. We begin by calculating the noise produced by the zero-point optical background
within a passive waveguide. We then derive the noise figure of a Brillouin-active waveguide
and explore the limit of large and small Brillouin gain. In Section 7.3.2, we proceed to
analyze the noise figure of a resonantly enhanced Brillouin amplifier, starting first with the
noise dynamics of a simple optical mode in the presence of gain and loss, and then calculating
the noise figure for an optical mode that is supplied with Brillouin gain. Section 7.3.3 defines
and derives the out-of-band noise figures for both linear and resonantly enhanced Brillouin
amplifiers, highlighting the low out-of-band noise performance of Brillouin-based devices
useful in channelization applications [169,170]. Finally, Section 7.3.4 uses this framework

to predict the performance of a resonant Brillouin amplifier within an RF-photonic link.

7.3.1 Linear waveguide Brillouin amplifier
Passive waveguide

In this section, we use the definition given by Eq. 7.6 to calculate the noise figure that results
from Brillouin amplification in a linear (non-resonant) system, such as the type described
in Chapter 2. We begin by analyzing the quantum-optical noise within a waveguide in the
presence of non-zero propagation loss. In the absence of Brillouin gain, the equation of
motion for the Stokes field can be written as [75,77]

Ay(z,8) + ilwo —wi) Al t) + SEA(z,1) + o A _

5 Ni(z,t). (7.7)

Here, A(z,t) is the Stokes envelope under the rotating wave approximation (|4(z,t)|?> has
units of [Number][m]~!),2 « is the optical propagation loss (with units [m]™!), vg is the group

velocity, and Nj(z,t) is the Langevin term representing the quantum fluctuations within the

2. As discussed in Chapter 1, these envelopes are normalized such that [dz’'A'(2',t)A(2’,t) = photon
number.
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waveguide, with a two-time correlation of the form (Nj(z', ¢/ )NiT(z, t)) = avgd(z' —2)6(t' —1).

We proceed by taking a Fourier transform in time, yielding

0As[z,w|

i(wo — ws — w)As[z,w] + %As [z,w] + vg 5 Nilz,w]. (7.8)
The integral solution to this differential equation is given by
_ z [ A
Adzw] = / dy Nl e, (7.9)
oo Vg
where the susceptibility x is defined by
1
X = (7.10)

Fp— g
From Eq. 7.9, we compute the number spectral density per unit length of the vacuum

fluctuations within the waveguide (2%4[z,w] = limg_o0(1/T)|As[z,w]|? [171]), yielding

T—oo T

~[ [ dzZ_L(Zl‘zz)eé<-x—*(z-21>-%<z-zz>> (711)
—00 —0o0

Vg

] = Jim 7 [ da [ ! Zl’w]N (22,0 2 (=5 emm) =3 =22)

1

Vg

Thus, in the absence of gain, the spectral density of the optical vacuum fluctuations is
white, with a value given by 2%[z,w] = 1/vg. Converting this value into an equivalent
power spectral density yields &(w) = hwsvg |z, w] = hwsHz", a natural consequence of

the anti-normal ordering chosen in our definition [168].

Brillouin-active waveguide

We next analyze the system in the presence of Brillouin gain. Here, we specifically consider
the case of backward Brillouin scattering, as illustrated in Fig. 7.1A; however, we note that
the results derived in this section apply quite generally a number of Brillouin processes, such

as forward inter-modal and inter-polarization scattering—in short, any Brillouin process in
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which the Stokes and anti-Stokes processes are sufficiently decoupled [29,75]. In the case

of backward SBS, the equations of motion can be written as [75,77]

A AS ] - %
Ag(z,t) + iwo As(z, ) + vga—a(j—” + %As(z, t) = —ig: , Ap(z,t) Bl (2,1) + Ni(z,1)
B(z,t) +iQpB(z,t) + gB(z,t) — vga—Ba(z;t) = —ig} , Ap(2,t) Al (2, 1) + n(z,1),

(7.12)
where Aq(z,t), B(z,t), and Ap(z,t) represent the mode amplitudes for the Stokes wave,
Brillouin-active elastic wave, and pump wave, respectively; {2p is the Brillouin frequency, vg
is the phonon group velocity, I' is the phonon dissipation rate, gsp is the acousto-optic cou-
pling rate, and 7(z, t) is the Langevin term responsible for keeping the phonon field in ther-
mal equilibrium (with a spatio-temporal correlation function given by (n(z’,t)nf(z,t)) =
(ngn + 1)T6(2" — 2)8(¢ —t) [75]). Here, nyy, is the thermal occupation of the Brillouin-active
phonon field, given by the Bose distribution (n¢, = [exp(A/(koT)) —1]71). For simplicity,
we assume that the Stokes wave is small enough to neglect pump depletion. See Fig. 7.1A
for a visual representation of these definitions.

Next, we transform to the rotating frame such that Ag(z,t) = As(z,t)exp[—iwst],
Ap(z,t) = Apexp[—iwpt], and B(z,t) = B(z,t)exp[—i§t], with frequencies defined as

wp = ws + Q. Under this transformation, the equations of motion become

0As(z,t) oy
0z Tt 2 — As(t) =

0B(z1)
9z

Ay(z,t) + i(wo — ws) As(2,t) + vg —igt yAp BT (2,1) + Ni(z,1)

f)’(z, t) +i(Qp — Q)B(z,t) + gB(z, t) — vp———— = —igi  Ap Al(z,t) + n(z,1).

(7.13)
Note that the Langevin terms have also been rotated without explicit change of notation.

Next, we take a Fourier transform in time, yielding

_ . Az, ,
i(wo — ws — w)As[z,w] + —;—)§As[z,w] + /Ug%]' = —igs , Ap Bi[z,w] + Ni[z,u] (7.14)
_ T _ dB '
i(Qp — Q — w)B[z,w] + 5 [z, w] — UB—%M] = —ig;‘,pApAT[z w] + nlz, w]
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We will see that this representation is particularly convenient when analyzing the spectral
character of the noise.

In practically all Brillouin systems, the phonon field is spatially heavily damped relative
to the optical fields, i.e., the spatial dynamics of the phonon field adiabatically follow the
optical fields. Thus, to a good approximation, the elastic wave is sourced by the local
forcing function produced by the interference between pump and Stokes waves [12,95] (i.e.,
0B|z,w]/0z =~ 0),2 as well as the Langevin term representing the thermal bath. This

approximation yields

i(wo — ws — w) As[z, w] + %As[z,w] + ng = —ig;"p/_lpBT[z,w] + Ni[z,w]
2 . 0% (7.15)
i(Qp — Q — w)B[z,w] + §B[z,w] = —ig}  ApAllz,w] + n[z,w].

Now, solving for the Stokes field we find

0As[z, w] 1 _ vga  vgGBPTXE | +
A2 Wl 1wy — we — w) — 2B VBB XB | 4
52 o i(wo — ws — w) 5 + 7 sz, w]

(7.16)

_ ig;,pAPXEnT[Z’w] n Ni[sz]
Ug 'Ug

where Gp = 4|gsp|?/(Awpl'v?) = 4|gsp|?|Ap|?/(PTvg),* and P is the power of the pump

wave, and xg = (i(2p — Q —w) +T/2)7L.

We solve Eq. 7.16 with the integrating factor method, yielding

o= [ ] B )
0 Ve Ve (7.17)

+ (A0, w] + AéV[O,w])e_MZ,
where AN [0, w] represents the input noise field associated with optical vacuum fluctuations
(not to be confused with the distributed noise from vacuum fluctuations Nj[z,w] associated

with loss along the length of the waveguide), and we have defined

3. As noted in Chapter 1, setting 0B[z,w]/0z = 0 is equivalent to the formal adiabatic elimination in
space.

4. We can reparameterize the Brillouin gain by noting that P = hwpvg|Ap|?.

152



1 vex  VGpPTX\}
= i — . — vga  vgGBPIXg |
M o i(wp — ws —w) + 5 1

(7.18)
Thus, the number spectral density per unit length (2%[2,w] = lim7_00(1/7T)|As[z, w]|?

[171]) of the Stokes wave at position z is given by

Hy[z,w] = [0, w]e” RIMIz

Amplified input signal

N *
+WN[O w]e M]z+ hm _/ dzl/ dz Zl,UJ] [Z2,UJ]> —M (2‘—21)—M(Z-—22)

Optical vacuum ﬁuctuatlons

. 1 [? i GBP’]--‘IXB|2 t —M*(z—2z1)—M(z—22)
¥ lim /O o | 2T ol e

- —

WV
Thermal mechanical noise

_ —2R[M]z o M)z L L —omMs
[0 wle T S0 R [1 € ]+vge

~ »

Amplified input signal ~~
Optical vacuum fluctuations

|xB*GPT? (4, + 1) [1 _ 6—28?.[M]z]
8vgR[M]

~
Thermal mechanical noise

o~

(7.19)
where R[M] represents the real part of M. Above we have labeled the terms according to
their physical significance. These include the amplified input signal, the optical vacuum
fluctuations, and the thermal-mechanical noise.

From Eq. 7:19, we can calculate the amplification and effective optical noise fig-
ure of the device. The net amplification is given by the first term in Eq. 7.19 (ie.,
|As[z, w]|?/| As[0, w]|?> = e~ 2RIM]2 | where —2R[M] is the spatial rate of amplification), while
the noise factor (F) is defined as F = SNR;/SNRy, where SNR; and SNR; are the input
and output signal to noise ratios, respectively.

For simplicity, we consider an input signal spectrum of the form 24[0,w] = |AP[26(w).

Thus, the input signal to noise is
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Aw i
o | AP [26(w)
Aw 1
a0 W' (7.20)
|A§n|2vg
2Aw

SNR; =

while the output signal-to-noise ratio (SNRy) is

|Aisn|2e—2§R[M]z

SNR, =

[1 — e—2§R[M]z] + ie—%&[M]z + |XB|2C;3§£;\£;]M+1) [1 - e‘zm[M]Z]

20w |i2vg£ M
(7.21)

Here, ngy is the occupation of the Brillouin-active phonon mode and Aw is related to the
bandwidth B by Aw = mB. We note that here we are assuming that Aw is small relative

to the Brillouin gain bandwidth. Thus, the optical noise factor of a non-resonant Brillouin

amplifier relative to the zero-point background is

(7.22)

~ SNRy SR[M]e—2RIM]=

_SNRy _ (lXBlQGBPF2(nth +1) + 4a) [1 - e—%f{M}z]

Equation 7.22 is the central result of this section and is used to generate Fig. 7.1C. We
note that the noise figure is independent of the bandwidth as long as Aw < I'. In the limit

of large Brillouin amplification, the noise factor becomes

F ~ ng + 2, (7.23)

which agrees qualitatively with prior calculations [56,172]. Thus, relative to the zero-point
background, the upper limit of the noise figure of an optical Brillouin amplifier depends
only on the thermal occupation of the phonon field.

By contrast, in the limit when the Brillouin gain Gp or pump power is negligible, the

noise factor converges to a value that is consistent with the linear loss of the system, yielding

F = %7, (7.24)

Since the background noise associated with optical vacuum fluctuations must remain un-
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changed, we see that a reduction in the signal power due to loss must yield a corresponding

increase in the noise factor.

7.3.2 Noise figure of a resonant Brillouin amplifier

In this section, we analyze the noise figure of a resonantly enhanced Brillouin amplifier
system, which, as we saw in Chapter 4, can be used to significantly enhance the available

Brillouin gain in a compact geometry.

Optical vacuum fluctuations

We first consider the noise properties of a passive resonant system that is interfaced with
an input (coupler 1) and output coupler (coupler 2). In the rotating frame, the equation of

motion for the optical mode of interest and the output field are given by

() = i(w —wa)a(t) = T5a(t) + VST (1) + vRSY (1) + VST (1)

Sy (t) = yza(t) — SH(t)

(7.25)

where w, is the frequency nth overtone of the resonator, the total optical loss rate it is
given by Yot = Y1 + Y2 +7i; 71, V2, and ~; are the loss rates resulting from the couplers and
internal losses of the ring, respectively, while SN (t), SY(¢), and SN(t) are the accompanying
noise sources that are consistent with the fluctuation-dissipation theorem. See Fig. 7.2 for a
visual representation of this model. As in Chapters 3, 4 and 6, a(t) has units of [vnumber].
We assume that the noise sources are uncorrelated with each other and delta correlated in

time, such that

(SN() ST (1)) = Qué(t — t')
(SN(S31(2)) = @26t — t')
(SN()SN (1) = @it — )

(7.26)

(SN()SYT () = (ST ()83 () = (SN ()83 (1)) = 0.
where the Q parameters will be derived below. Using the integrating factor method, we

solve for the optical mode a(t), yielding

155






a(t) = / t dt' [V SY () + VASY () + vmSN(¢)] e~ =*)/x (7.27)

—00

where we have define the susceptibility x as x = (—i(w — wy) + 2g£)~!
With this framework, we can now establish the properties of the noise sources such
that they represent the optical vacuum fluctuations. We know that for an oscillator in the

ground state, (a(t)a’(t)) = 1. Thus,

1= (a(t)a'(t)) = ( /_ t dt [VATSN (1) + 7SN (1) + vASK (1)) e 1)/
x / C [N (1) + S (1) + SN (1))

¢ ¢
= / dtl/ dt2[v1Q16(t1 — t2) + 12Q28(t1 — t2) + %Qib(t1 — t2)]

e 2R(A/X)+(1/x" )t +(1/x)t2

= m [’YIQI +712Q2 + "/iQi]
(7.28)

From Eq. 7.28, we find Q; = Q2 = Q; = 1.5 With recourse to the Wiener-Khinchin the-
orem, we can calculate the power spectral density of the vacuum fluctuations in a waveguide,

which yields

SN w] = Jim. —|SN — dT (SN(t 4 7)8N (8)) e

d’r5 T (7.29)

\\
3 8

bl

where the same calculation holds for |SN[w]|? and |SN[w]|>. We note that we have used
anti-normal ordering to be consistent with the definition for the optical noise figure in Eq.

7.6. Equipped with this knowledge, we can now solve for the output noise exiting coupler

2 (S3"°%(t)), defined by Sp°"*(¢) = /y2a(t) — SY (t) [132].

5. One can show that this is true since coupler 1, coupler 2, and the internal losses are independent degrees
of freedom. For example, we could take v2 = v = 0, revealing that Q1 = 1. This same logic applies to
coupler 2 and the internal losses as well.
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For this, we transform Eq. 7.25 to the frequency domain, yielding

—iwalu] = —iwnalw] ~ 75 al] + VRS ]+ vRSY ] + ST W] (7:30)

Since S5°*[w] = \/7z2a[w] — SN[w], the power spectral density of the noise exiting port

2 is given by

.1 .1
&3l = Jim IS3 Il = Jim 7 rela’ B~ v 1S k)

— V2SN w]aw] + |S§I[w]]2] (7.31)

= |x[w] Y20t — 272 R(x[w]) + 1

=1,

where we have again defined x[w] = (—i(w — wn) + Mot/2) L. Thus, the power spectral
density of the noise exiting the output port (port 2) is equal to that entering the input port
(port 1).

The moment we add gain to the system, however, this equality no longer holds. For
instance, for a gain mechanism adding no additional noise to the system (ie., xglw] =

(i(wn — W) + Yrot/2 — G/2)71), the output power spectral density becomes

ou . 1 ou . 1
Y] = Jim —ISY ] = lim = [yalalfw]l? - y7zallw]Sy [w]

— v, lwlalw] + S w]l?]
(7.32)
= Ixclw]Pr2m0t — 272R(xclw]) + 1
Y G

= o =2+ (G272 T

Thus, the noise spectrum is no longer white, but frequency-dependent. This result would
be consistent with a perfect amplifier (e.g., a gain medium with perfect population inversion

that contributes no additional loss or noise to the system). However, we will see that our
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Brillouin amplifier system introduces additional noise terms that arise from interaction with

thermally populated phonon fields.

Resonant Brillouin amplification

Building on the treatment of a single-mode optical resonator, we now analyze the noise
figure of a resonantly enhanced Brillouin amplifier by introducing Brillouin gain to the
system. A complementary derivation is contained within the supplemental information of
Ref. [97]. Under the stiff pump approximation, the mean-field equations of motion for the
Stokes (as(t)), phonon (b(t)) fields can be written as [97]

as(t) = —iwnas(t) — Tetas(t) — ig"ap (D01 (1) + VISP (1)

+ VST (8) + V2S5 () + VSN (t) (7.33)

b(t) = —iQb(t) — gb(t) —ig*ay(t)al (t) + n(0).

Here, Si%(¢) is the input signal, n(t) is the Langevin term representing the thermal and
quantum fluctuations for the phonon field (with a two-time correlation function given by
(n(t)nt(t)) = T'(ngw+1)6(t—t')), and g is the mean-field elasto-optic coupling. See Fig. 7.3A
for a visual representation of these definitions. We next move these equations of motion to

the rotating frame, yielding

(1) = (s — wn)as(t) — T3 as(t) — ig"aph! (1) + vAST(1)
+ VST () + vRSY (8) + VST () (7.34)
b(t) = i(Q — )b(t) — (1) — ig"apal(s) + n(t)
Here, we have rotated the fields such that as(t) = as(t)e™™st, b(t) = b(t)e ™, ap(t) =
dpe_iwpt, and wp, = ws + . We have also rotated the signal and noise fields without an
explicit change of notation.

To proceed, we transform these equations into the frequency domain via a Fourier trans-

form in time, yielding
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s — wo +w)asl] = — 124 E ] - ig" @b ] + AT ]

2
+ VSN W] + vA2SN W] + vASN W] (7.35)

- I~
—i(Q = Op + w)blw] = —5b] - ig*apal[w] + nlwl.
Solving for the Stokes field, we find

1 —ig*dp??]L [w]

—3 _ Yot _ _lgl*l@pl? i(Q+w—Op)+ L
iws +w —wn) + 73 {(Q+w—Q0p)+5 i B) + 3 (7.36)

+ VISP w] + VTS W] + vA2Sh W] + VST [wl] :

aslw] =

Using the constitutive identity S$*(t) = —S(t) + /72as(t), the output signal at port 2
becomes

—ig*ﬁpnT [w]

] Frorr s

(7.37)
+ VST W] + VST W] + V72 [w] + VST w] | = S ),
where the transfer function T'[w] is defined as
_ V2
T[w] = l9]2|ap|? : (738)

—1 - Jtot __

The output power spectral density (&% [w] = limp_00(1/T)[S°%[w]|? [171]) becomes

: GgPv I‘Q(nth +1)
65" [w] = ITW][* | m6&7w] + . 5 Tg
——  4((wt+wp —ws—0B)*>+(5)?)
Input Signal ~ -~ ,

Thermal—mechanical Noise (7. 39)

1
&Y V2 — =
+ 67 [w] + ’ ki
Optical Vacuum Fluctuations

2
&Y [w] + %6} [w] ] .

.

where above we have labeled the terms according to their physical significance. These
include the spectral density of the input signal, the thermal-mechanical noise, and the

Brillouin-gain-modified optical vacuum fluctuations. Here, Gg is the Brillouin gain coeffi-
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cient given by G = 4|g|%|ap|?/(PT'vg).% From Eq. 7.39, we can calculate the amplification
and noise figure of the resonantly enhanced Brillouin amplifier system. The net amplifica-
tion is given by the first term (|SS"¢[w]|?/|SP[w]|? = 71|T[w]|?), while the noise figure can
be determined by examining the input and output noise sources.

The input signal-to-noise ratio (SNRj) is given by the input signal strength relative to
the zero-point background. For simplicity, we assume an input signal spectrum of the form

&' [w] = |S™|?6(w). Thus, the input signal-to-noise ratio is

O, dw| S 26 (w)
Aw
—Aw dwell\l[w] (7.40)
|Sin|2
= AW

SNR; =

The output signal to noise ratio is

A%, dwy] S 26(w)
o Qo Nol] + &N [w] + |72 — gy PS [w] + uST[w]
~ 71|52
2A‘*’[Nb[w] + (’Yl + vz - ﬁp +'yi)]

SNR; =

(7.41)

where we have assume that Aw is much smaller than the gain bandwidth and defined the

spontaneous Brillouin scattering rate (Np|w]) as

Gr Png2 (ngh + 1)

Myw] = . 7.42
4((w + wp — ws — OB)2 + (5)2) (7-42)
Thus, the noise factor for the resonantly enhanced Brillouin amplifier is
S B L
- [Nb[w] + (71 + vz — 7] +%)]. (7.43)

m
This is the main result of this section. Comparing Fig. 7.1 with Fig. 7.3, we see that,

for typical experimental parameters, the noise figure of the resonant Brillouin amplifier
is consistent with that of a non-resonant Brillouin amplifier. This is notable given that

the available amplification of the resonant Brillouin amplifier may exceed that of its non-

6. The Brillouin gain coefficient can also be expressed as Gp = 4|g|*>L/(fiwpI'vZ) since P = hwp|ap|®/L.
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resonant counterpart (see Fig. 7.1B and Fig. 7.3B).
In the limit of large pump powers and assuming a resonant configuration (i.e., wp —ws =
Qp and evaluating at w = 0), the noise factor becomes dominated by spontaneous Brillouin

scattering and simplifies to become

F~

%l[ﬂ 4 % _ GBPUg»E,?th +1) " ’7,;<1)t. (7.44)
Thus, the noise figure is the ratio between the spontaneous Brillouin scattering rate (nu-
merator) and the dissipation rate associated with the input coupler. In the special case of
no internal losses and identical couplers (i.e., 7; = 0 and 71 = ¥2), the noise factor becomes
F =~ n, + 3 as the system approaches the laser threshold (the optimal condition for large
amplification). Under these conditions, the noise figure closely resembles that of a linear
(non-resonant) Brillouin amplifier (see Eq. 7.23).

By contrast, in the limit of low pump powers and again assuming the resonant condition,

the noise factor becomes

K“ + v — g+ “)] (m+72+n)? (7.45)

~ o
~ =

" 4y172

which is simply the loss produced by linear transmission through the resonant system.

7.3.3 Out-of-band noise figure

A unique property of Brillouin amplifiers is that they produce exceptionally low out-of-
band noise. This is because the thermal-mechanical noise, which is the dominant noise
source, is narrowly centered around the Brillouin resonance and drops off dramatically at
large frequency detunings. As such, the Brillouin gain can be used to selectively amplify
signals within desired narrow bandwidth while effectively suppressing out-of-band noise—
which may prove advantageous in applications such as carrier recovery or channelization

[136,169,170]. To characterize this property, we define an out-of-band noise factor as

Input Signal
F[§] = SNR4[6] _ Tpu%% (7.46)
o= SNRy[§] ~ Qutput Signal :

Output Noise at §
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where § is the detuning from the resonance condition (i.e., w, = ws + Qp and § = w, which
is centered around ws). More specifically, the out-of-band noise factor is determined by
considering a resonant signal wave relative to the noise separated in frequency by 4.

From Eq. 7.20 and Eq. 7.21, we calculate the out-of-band noise factor for a linear
(non-resonant) Brillouin amplifier, yielding
2

GpPI2|xp(s]
4

)= n (|XB[5]|2GBPI‘2(nth +1) + 4a) [1 _ e“("‘—

GpPr?|xp[s]?
_(GBP_ 1

FLinear (0] =
Linea, [ ] € (4a _ GBPF2|XB[5]|2)6—(a—GBP)z
(7.47)
where xg[6] = (—id +'/2)~!. Starting from Eq. 7.40 and 7.41, we use the same approach

to calculate the out-of-band noise factor for a resonant amplifier, which yields

IT[(SHZ [Nb[w] + (71 + l\/’% - T%S]IQ + ’Yi)] (7.48)
|T'[0]? 00! '

where T[5] = \/72/(—i6 + 7iot/2 — G Pugl'/(4(i(6 — Q) + T/2))).

FResonant [5] =

To illustrate the low out-of-band noise characteristics of both linear and resonant Bril-
louin amplifiers, we consider experimental parameters used in Figs. 7.1 and 7.3 and calculate
the out-of-band noise figure (NF[d]), as plotted in Fig. 7.4. For instance, with a frequency
separation given by § = 3I' = 27 x 45 MHz and a pump power of P = 0.101 W, the linear
Brillouin amplifier has an out-of-band noise figure of 5 dB while yielding more than 15 dB
of net amplification. For this same level of amplification, the resonant Brillouin amplifier
yields even better performance, with an out-of-band noise figure of -3 dB. This is possible
because the signal and out-of-band noise do not experience the same gain. As such, the
out-of-band signal-to-noise ratio can actually improve as the signal wave is amplified, which
could be a useful functionality for carrier recovery [136], channelization [169,170], or to

suppress unwanted out-of-band spurs.

7.3.4 Performance as a narrow-band amplifier in RF-photonic link

The narrow gain bandwidths made possible through Brillouin amplification may lend them-

selves to filtering and amplification schemes within RF-photonic systems. An RF-photonic

165

k)



link is a system that encodes RF or microwave signals on an optical carrier. The signals can
then be processed in the optical domain and demodulated back to the RF domain. In what
follows, we theoretically investigate the performance of the resonantly enhanced Brillouin

amplifier within an RF-photonic link.

Simple RF photonic link

We first consider a simple RF photonic link that is comprised of a phase modulator, an
optical local oscillator, and a high-speed photo-detector [173,174]. This system, which
could be useful to transmit RF-signals over long distances, will be used as a reference to
understand the impact of the Brillouin amplifier on the noise performance of the link. As
diagrammed in Fig. 7.5A, an input RF-field of power P, and frequency € is used to
synthesize an optical signal wave (Sif(¢)) through phase modulation.

Following the phase modulator, the optical signal wave (first optical sideband) can be
expressed as

P in —t(we—)t 7.49
Ty (my/ 2R P Vi e : (7.49)

C

S (t) =

where P, are w. are the respective carrier-wave power and center frequency, Ry is the
impedance of the phase modulator, and V; is the half-wave voltage of the phase modulator.
Here, J_1(z) is a Bessel function of the first kind of order -1 and argument x.

In the limit of small input RF powers, Eq. 7.49 can be written as

Si(t) =4/ ﬁfj [m/zRMPglF /zv,,] e~ Hwe Mt (7.50)

Following synthesis, the signal (S12(t)) and local oscillator (Sro(t) = v/Pro/ Fice~wet Aty

waves are combined through a coupler of coupling ;2 and measured using a photo-detector
of impedance Rp. Upon detection, the RF output power spectral density PRit{w] can be
calculated from the photo-current correlation function the using the Wiener-Khinchin the-

orem:
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Figure 7.5: (A) Simple RF-photonic link composed of a phase-modulator (PM), optical local
oscillator, and high-speed receiver (PD). (B) Modified RF-photonic link with resonantly
enhanced Brillouin amplifier.
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PS%[w] = Rp /_ Z dr{I(t + T)I(t))e™". (7.51)

In this simple RF-photonic link, the photo-current can be expressed as

. 2
1) = |uS™(8) + iv/T = W2Sto(t)]| (en). (7.52)
where e is the electron charge and 7 is the quantum efficiency of the photo-detector.
With this photo-current, the (single-sided) output RF power spectral density is given
by

PLO P [
hwto Awe

PR ] = 8Pk RoRup® (1 — 1) (55) (enPsw—(@+a).  (759)

Integrating over the signal of interest, the RF link gain (output RF signal relative to the

input RF signal) is

. P P, T \2
in 2 2 LO C 2 4
G = 4PRpRpRmp“ (1 — p*) o T (—2V7r) (en)”. (7.54)

We next calculate the noise figure of this simple RF-photonic link, which is fundamen-
tally limited by Johnson and shot noise. In this photonic link, the input noise over a
bandwidth (B) is given by

Nin = BIKBT], (7.55)

while the output RF noise can be expressed as

Nouw = B[K8T + GKgT + 2p°ne’(Pro/hwro) Rp)-

Thermal resistor Shot noise
noise

(7.56)

Here we have assumed a small optical signal wave such that the shot noise is dominated
by the optical local oscillator. With the input and output noise, the noise factor of the

RF-photonic link becomes

_ SNR; _ (G + 1)KgT + 2ne*(PLo/hwLo)Rp

- = (7.57)
SNR, GKpT

F
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Resonant Brillouin amplifier within RF-photonic link

We now add the resonantly enhanced Brillouin amplifier to the RF-photonic link (see Fig.
7.5B) and calculate the new link gain and noise figure. In this case, the RF output power

spectral density can be expressed as

Pl = Fo | I+ I

—00

= 2Rp(en)’ (1~ u2)ISLOI2Re[ /_ dr (St T)Sf\’/}“(t»ei“”] (7.58)

— 2R (et — 1) (5 eI — wno]l

Here, Sg(t) is the modulated signal wave following the resonantly enhanced Brillouin
amplifier. We note that |S{Pt[w — wro]|? can be obtained from Eq. 7.38, such that the

modified link gain (G) becomes

PILO [¢

N 4Pin 2 1—
G ri B Rvp”( )ﬁwLo Foe

(377) CenrnlTaf, (7.59)

where T'[w] is given by Eq. 7.38 with the substitution ws — we — 2.

We now consider the relevant sources of noise within the system. In addition to the
Johnson and shot noise already present in the RF-photonic link, the resonantly enhanced
Brillouin amplifier produces additional noise through spontaneous Brillouin scattering. Over

a small bandwidth B (B <« I'/27), this produces a noise power

B/2
N = (1/7) / dwRp ()2 (Pro/Fwno) (12(1 — p2)) Tlw] 2Ny ]
B/2 (7.60)

~ 2 Ro(en)* (PLo/huro) (53(1 — ) IT0]/2 N[0,
where Nyp|w] is given by Eq. 7.42 with the substitution ws — we — €.
Here we have ignored optical vacuum fluctuations, which is a good approximation given
the parameters of our system (i.e., ngp > 1). From Eq. 7.60, we can calculate the effective

noise factor for the RF-photonic link, which yields
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Figure 7.6: Calculated (A) RF link gain (Eq. 7.59) and (B) noise figure (Eq. 7.61) of an RF
photonic link with a resonant Brillouin amplifier (depicted in Fig. 7.5B) with Rp = Rum = 50
Q, 42 =05, P. =20 mW, V;, =03 V, and P o = 0.5 mW, and n = 0.95. Dashed lines
correspond to data that is shown in 1-D plots on right.
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_ SNR; _ (G + 1)KgT + 2nue*(Pro/hwio)Rp
~ SNRy GKgT
L 2 Rp(en)*(Puo/hwro) (1 (1 — ¢12))|T[0]* N [0]
GKgT

F

(7.61)

The first term in Eq. 7.61 reveals the contribution of the RF-link to the noise factor while

the second term results from the Brillouin noise.

RF-photonic link comparison

We plot the link gain (Eq. 7.59) and noise figure (Eq. 7.61) of the Brillouin RF-photonic
link in Fig. 7.6. For these calculations, we assume Rp = Ry = 50 §2, u?2 =05, P, =25
mW, V; = 0.3V, and P,o = 0.5 mW. With the addition of the Brillouin amplifier, the link
gain is enhanced to 20 dB while the NF becomes 24.7 dB at a pump power that approaches
the laser threshold. By comparison, the RF-link without the Brillouin amplifier with these
same chosen parameters yields a link gain of 0 dB and a NF of 5 dB. We note that this

level of performance requires a low V; modulation scheme.

7.4 Conclusion and outlook

In this chapter, we have theoretically characterized the in- and out-of-band optical noise
figure of linear and resonant Brillouin amplifiers. This analysis is based on a well-defined
formulation of the optical noise figure, in which the additive sources of optomechanical noise
are compared relative to the zero-point optical background. As such, it is important to note
that our calculations represent the worst-case (i.e., upper bound) of the noise figure. Most
practical input signals will be limited by other sources of noise, such as relative intensity
noise (RIN), amplified spontaneous emission (ASE) noise, or relaxation oscillations. In
particular, in the case of the RF-photonic link, we saw that the relevant background noise
is resistor or Johnson noise, which, as in the case of the optomechanical Brillouin noise,
is thermal in nature. Thus, as we observed in Section 7.3.4, the noise figure supported
by Brillouin amplifiers within RF-photonic systems can be better than those in all-optical

systems.
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A compelling feature of Brillouin amplifiers is that they produce exceptionally low out-
of-band noise. This useful property is captured by our definition of the out-of-band noise
figure, which compares the input and output signal to noise ratios. Our analysis reveals that,
in the limit of large Brillouin gains, the out-of-band noise can actually be negative. This
means that the out-of-band SNR actually improves as the signal wave is amplified. This
unique feature could be a useful resource for applications in carrier recovery, channelization,
or to suppress unwanted out-of-band spurs.

Throughout this analysis, we find that the optical noise figure depends critically on
the thermal occupation of the Brillouin-active phonon modes. In fact, in the limit of high
Brillouin gains, the in-band optical noise figure is virtually independent of all other pa-
rameters (see Eqgs. 7.23 and 7.44). As the thermal occupation of the phonons is given by
the Bose distribution, improved noise figures are possible by either increasing the Brillouin
frequency or lowering the operating temperature. Higher frequencies than those studied
here, are possible, for instance in bulk silicon or diamond systems, which support Brillouin
frequencies in the range of 30-60 GHz. Alternatively, there may exist other strategies to
radically increase the Brillouin frequencies supported by our optomechanical silicon waveg-
uides. For instance, by engineering the polarization of the relevant optical fields, we can
in principle couple to a distinct set of Lamb-like elastic modes whose mechanical motion
is confined in the vertical (~ 0.2 pm) rather than the horizontal (~ 3 pm) dimensions of
the waveguide geometry. This approach could yield a more than a 10-fold increase in the
Brillouin frequency, translating directly into a > 10x improvement in the noise figure.

Reducing the operating temperature also directly improves the noise figure of these
devices. For many applications, however, ambient operating conditions are necessary. In
this context, there is a pressing need to develop other strategies to manipulate noise in
these Brillouin systems. As we demonstrate for the first time in Chapter 8, we can use
laser light to optomechanically cool the relevant group of phonons that participate in these
Brillouin interactions. This form of Brillouin-based optomechanical cooling enables in situ
and dynamical control of noise and dissipation, opening the door to new strategies for

improved performance in a range of Brillouin-photonic systems.
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Chapter 8

Optomechanical cooling in
continuous systems through
spontaneous inter-modal Brillouin

scattering

8.1 Introduction

Thermal-mechanical noise, as discussed in Chapters 3 and 7, fundamentally limits the per-
formance of practically all Brillouin-based technologies, from lasers and amplifiers to filters
and non-reciprocal devices. Due to the fluctuation-dissipation theorem, this noise source
cannot be suppressed by simply adding more damping; in fact, dissipation is the link be-
tween an open system and the thermal bath—the more damping, the more noise power is
required to maintain thermal equilibrium. Thus, in order to reduce the thermal phonon
occupation in mechanical system, we must expose it to a thermal bath of a lower effective
temperature.

In the case of a simple, discrete mechanical mode, this form of cooling can actually
be achieved coupling the vibrational degree of freedom to an optical cavity [78]. Given

frequency scales that are orders of magnitude larger that those of mechanical systems,
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optical photons exhibit essentially no thermal fluctuations at room temperature (i.e., ng
10719). In this way, optomechanical coupling can be engineered to expose the phonon
mode to a cold optical bath—supplying optomechanical damping while imparting in return
virtually no thermal fluctuations.

In cavity-optomechanical systems, the ability to control the thermal fluctuations of a
mechanical resonator has been used to great effect, opening the door to precision metrol-
ogy [175], quantum state generation [176-178], and fundamental tests of quantum deco-
herence [179]. This form of cooling ordinarily requires an optical cavity to the break the
symmetry between the Stokes (heating) and the anti-Stokes (cooling) processes; with the
proper detuning, the cavity resonance changes the density of states such that the anti-
Stokes (cooling) process is favored over the Stokes (heating) process [78]. In this way, if the
optical lifetime is shorter than that of the phonon, thermal energy will extracted from the
mechanical system, reducing its overall occupation.

In connection to optomechanical cooling, intriguing questions arise in the case of Bril-
louin systems, sometimes referred to as continuum optomechanical systems [180], which in
general possess no optical cavity or discrete phonon modes [12]. In contrast to lumped-
element cavity-optomechanical devices, translational invariance in these Brillouin systems
give rise to a continuum of available optical and acoustic states [181]. As of a few years
ago, however, it was not been clear how or if optomechanical cooling concepts could be
implemented in such continuous systems and what would determine their dynamics. In
fact, prior studies suggested that, considering the experimental parameters of our system,
such continuum optomechanical cooling would be almost negligible (AT /T ~ 107*) [182].

In this chapter, we demonstrate laser cooling of a continuous optomechanical system.
In this translationally invariant system, we are able use the distinct phase-matching condi-
tions of spontaneous inter-modal Brillouin scattering to break the symmetry between the
Stokes (heating) and anti-Stokes (cooling) processes; this strategy allows us to selectively
cool phonons within a continuous band of accessible states—without the need for an op-
tical or acoustic resonator. Through theoretical analysis, in conjunction with a new form
of wavevector-selective phonon spectroscopy, we show that optical phase matching concen-

trates the optomechanical cooling over a select band of acoustic wavevectors. As a result,
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this form of cooling is more than 1000x stronger than previously predicted, allowing us to
reduce the temperature of a band of thermal phonons by more than 30 K from room temper-
ature (AT/T ~ 107!). This demonstration opens the door to new strategies to manipulate

and control noise and dissipation in a range of powerful Brillouin-photonic technologies.

8.2 Continuum optomechanical cooling concepts

We demonstrate optomechanical cooling in a continuous system using phase-matched inter-
modal Brillouin scattering within a 2.3 cm-long multimode photonic-photonic waveguide.
As described in Appendix A, this optomechanical silicon waveguide is fabricated from a
single-crystal silicon-on-insulator (SOI) wafer and is designed to support low-loss optical
guidance within symmetric and antisymmetric TE-like optical spatial modes (for more
details, see Chapter 2). These symmetric and antisymmetric spatial modes have propa-
gation constants given by ki(w) and ko(w), respectively. When suspended, this all-silicon
structures also supports a number of Brillouin-active elastic modes; in particular, a 6-GHz
antisymmetric lamb-like wave mediates the largest Brillouin coupling, with a Brillouin gain
coefficient of Gp = 470 W~ lm™!. The spectral width obtained from stimulated and spon-
taneous measurements indicate that elastic energy in this traveling-wave system dissipates
at a rate I'/(27) & 14 MHz), corresponding to a decay length I = 60 um. As a result, the
intrinsic spatial length scale of the phonons is nearly 400x shorter than the continuously
suspended optomechanical silicon waveguide—a clear indication that this device operates
in the continuum optomechanical limit.! Thus, since the phonon field is not confined in the
direction of propagation, this system allows us to probe and control a continuum of avail-
able acoustic states in ways that are not possible with conventional cavity-optomechanical
systems.

In this continuous system, we use phase-matched spontaneous inter-modal Brillouin
scattering to selectively cool a small set of traveling-wave phonons. To do this, we couple

probe light of frequency wy, (green in Fig. 8.1A) in the symmetric optical spatial mode

1. Since the device length is equivalent to many spatial decay lengths, the phonon field does not form
standing modes (i.e., there is no confinement in the direction of propagation).
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of the multimode optomechanical waveguide. As this light traverses the Brillouin-active
waveguide, it interacts with thermally driven phonons through spontaneous inter-modal
Brillouin scattering. In this process, forward- and backward-propagating phonons produce
Stokes and anti-Stokes sidebands, respectively, that propagate in the antisymmetric spatial
mode of the Brillouin-active waveguide (Fig. 8.2Di-ii). Following the interaction region,
an integrated mode-multiplexer (M2) separates light propagating in the symmetric optical
spatial mode from the light traveling in the anti-symmetric spatial mode (see Fig. 8.1A),
allowing for sensitive spectral analysis of the Stokes and anti-Stokes waves.

As we discussed in Chapters 2-3, inter-modal Brillouin scattering produces a form of
dispersive symmetry breaking that fundamentally decouples the Stokes and anti-Stokes
processes. In the context of continuum optomechanics, we note that, from the perspective
of the phonons, the Stokes and anti-Stokes processes can be viewed as heating and cooling
processes, respectively. We also point out that this form of symmetry breaking is quite
distinct from that of sideband cooling in cavity-optomechanical systems, where the optical
cavity feedback is often necessary to favor the anti-Stokes process over the Stokes. In this
continuous system, by contrast, the direction of propagation of the traveling-wave phonons
offers new degrees of control. Here, symmetry breaking arises because the Stokes and anti-
Stokes processes are mediated by distinct groups of phonons; specifically, phase-matching
requires that ¢s(B) = ki(wp) — ka(ws) and gas(2B) = kz(was) — k1(wp), where ws and
w,s are the respective Stokes and anti-Stokes frequencies, and ¢s(Qp) and gas(2B) are the
respective propagation constants of the Stokes and anti-Stokes phonons at the Brillouin
frequency Qg. As a result, the Stokes process is mediated by a forward-propagating acoustic
field while the anti-Stokes process is mediated by a backward-propagating acoustic field, as
illustrated in Fig. 8.2A-C. In this configuration, phase-matched forward-traveling phonons
experience heating while phase-matched backward-traveling phonons experience cooling (see
Fig. 8.2E). We note that these intriguing optomechanical dynamics are not readily available
with forward intra-modal processes in which Stokes and anti-Stokes processes couple to
the same group of phonons with nearly identical rates [182,183], thus highlighting the
unique properties of inter-modal scattering processes. As such, it is interesting to note that

backward Brillouin processes may also be used for continuum optomechanical cooling. As
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shown in Fig. 8.2D, the spectral width of each sideband (T's, I'ss) gives a direct measure of
the associated dissipation rates and lifetimes of the phonons that mediate the Stokes and
anti-Stokes processes, respectively [75].

Due to the phase-matching-induced symmetry breaking, spontaneous inter-modal Bril-
louin scattering allows us to probe and precisely control the thermodynamic state of the
phonons. For the phase-matched backward-propagating (anti-Stokes) phonons, the pres-
ence of a strong probe field adds a form of optomechanical damping; phonons annihilated
by this scattering process are converted to anti-Stokes photons, which escape the system
at a rate much greater than the intrinsic dissipation rate of the phonon field. As a result,
the anti-Stokes process reduces the average lifetime and consequently the occupation of the
phonon field (see Eq. 8.16). In other words, cooling of the anti-Stokes phonons is manifest
as both a reduction in the phonon lifetime—or broadening of the spontaneous linewidth
(Tas)—and a decrease of the anti-Stokes scattering efficiency (€as).? By contrast, the pres-
ence of a strong probe field yields linewidth narrowing of the Stokes sideband and increases
the Stokes scattering efficiency (es).

These two, intrinsically-decoupled processes occur simultaneously, heating forward-propagating
phonons and cooling backward-propagating phonons in this continuous waveguide system
(see Fig. 8.2E). Detailed balance normally leads one to expect that the forward- (®¢) and
backward-propagating (®},) phonon fluxes are equal (i.e., ®; = ®p,). Under these conditions,
however, the forward- and backward- propagating phonon fluxes are no longer balanced (i.e.,

®; > dy,), yielding an unusual form of non-reciprocal bath engineering.

8.3 Theoretical cooling dynamics

We begin by developing a succinct spatio-temporal model to understand the salient dynam-
ics produced by optomechanical cooling in a continuous system. In this section, we outline
a derivation for the effect of spontaneous inter-modal Brillouin scattering on the anti-Stokes
phonon lifetime and population. As discussed in Chapter 1, the intrinsic decoupling be-

tween Stokes and anti-Stokes processes allow us to examine the dynamics of each separately.

2. The scattering efficiency is defined by the total spontaneous scattered power relative to the probe power.

179



Starting from the formalism developed in Ref. [75], the Hamiltonian for the spontaneous

Brillouin interaction can be expressed as

H=r / 02! A1 (2 )eon (k) Ap (2, 1)
+h / i/ AL (2 t)wn (s ) Aus(#, 1)
+h/ dq'qubZ,bqr (8.1)

\/ﬁ/ dQ/ dz gpasAls(Z t)A (Z t) ,ez(q —Akas)2'

—i(q' —Akgs)2’
\/2_7F/ dq/ dz' g osAas(? t)AT(z t)b (e )2

Here, the wavevector difference between pump and anti-Stokes fields is defined by
Akas = ko(was) — k1(wp), gpas is the Brillouin coupling rate® and the Taylor expansion
of the symmetric and antisymmetric optical mode dispersion relations in the z basis are
given by w;(k,) = Ym0 i, %%,1( i%)". Notice that we have chosen to represent the optical
fields as spatial envelopes and the phonon field as a continuous sum over wavevector mode
amplitudes. This choice is particularly convenient because the phonon density of states
is constant in wavevector space, and the mode occupation is well-defined for each phonon
wavevector.

From the Heisenberg equations of motion, we calculate the spatio-temporal dynamics

of the continuous phonon and anti-Stokes fields. Using the fact that [Aas(2',t), Als(z,1)] =

5(z — 2’) and [by(t), b;(t)] = §(q — ¢') [75], the equations of motion are given by

by(t) = ~iS2by() — b4 (2) + mg(t)

s % T L
_ lgp,a,sAP(t) / dZ/AaS(ZI, t)e—i(q—Akas)z’
27 0 (8.2)

vg%Aas(z, t) — twasAas(2, 1)
7 _ igp,asAp(t) /oo ’ i(q' —Akas)z
2Aas(z, t) v dq'bg (t)e .

3. Given by the acoustic-optic overlap and photo-elastic tensor. See Chapter 1. We note that gp,as
represents the distributed optomechanical coupling (with units of [Hz)/[m]), which is distinct from the
lumped-element optomechanical coupling used in Chapters 3, 4, and 6.

Aas(z,t) = -

180



We take a moment to summarize the steps and assumptions required to derive the cou-
pled phonon and anti-Stokes equations above. To begin, we assume the that the probe
wave (Ap) experiences negligible linear loss and remains undepleted through the sponta-
neous process (i.e., Ap(2,t) = Ap(t))—an excellent approximation for the present system.
To include the effects of dissipation, we introduce the phonon decay rate, I', and an as-
sociated Langevin stochastic driving term 7,(¢), which maintains the system in thermal
equilibrium in the absence of optical forcing; n,(t) has a two-time correlation function given
by (773;, (t"ng(t)) = nn6(t — t')0(q — ¢’), where, as before, nyy, is given by the Bose dis-
tribution (ng, = [exp(hQp/(kpT)) — 1]71). Here we treat the optical fields classically and
ignore the Langevin driving force associated with the optical anti-Stokes dissipation rate
(v), since the thermal occupation of the anti-Stokes field is, for our purposes, negligible
(i.e., mas = 10714). Finally we note that, because this is a relatively narrowband process,
we ignore higher order dispersion for the optical fields (i.e., limit the Taylor expansion of
w;(k2) to first order).

We now make our routine transformation to the rotating frame, which simplifies the
equations of motion and allows us to formally solve the dynamics of the anti-Stokes field.
We do this by introducing Aas(z,t) = Aas(z,t)e™™, Ap(2,t) = Ap(z,t)e ™"t and by(t) =

by(t)e *¥ (where Q = w — wp). The resulting equations of motion are given by

fias(z,t) = —vg%fias(z,t) + [~ i(was —w) — %]Zlas(z,t)

, pe 8.3
_ 7'gP,aS‘AP(t) /oo dq,l—) /(t)ei(q’—Akas)z‘ ( )
V 2 —00 ?

Leveraging the same strategy used in Chapter 3, we greatly simplify the equations of
motion by noting that the optical anti-Stokes field decays much more rapidly in time than
that of the Brillouin-active phonon (i.e., v > I' ). This decay hierarchy is valid considering
the linear propagation loss of the optical fields and the transit time across the device. In
this case, the temporal dynamics of the anti-Stokes field adiabatically follow those of the
phonon field, allowing us to eliminate the temporal dynamics of the anti-Stokes field. In

this limit, the anti-Stokes mode envelope amplitude is given by
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Aus(z,t) = ng’ 27r /dz/ dg'bye e = Bkes)?' = g5 (7). (8.4)

Given that 2vg >> L, the factor exp{— %7—2 z — 2')} within the integrand is, to a good
approximation, unity. Consequently, since the optical propagation loss over the length of
the waveguide is small, the anti-Stokes field at position z can be understood as a spatially

filtered continuous sum of phonon mode amplitudes in the wavevector basis. With this

simplification (i.e., plugging Eq. 8.4 into Eq. 8.2), we have

= — |
by = —i(% — By — by +my(t

lgp,aS| |A |2/ / dZI// dq/b /e Akas)Z”—Z(q Akas)z
Vg,2(

We first evaluate the spatial integrals resulting from the optomechanical coupling term.

(8.5)

The resulting integrand can then be separated into real and imaginary parts. We are

interested in the case where ¢ = Ak, and 2 = Qag,., or when the phonon wavevector is

as?

defined by optimal phase-matching with the optical fields. These conditions yield

. r.
bk = =5 0akas + Nkas (t)

_ |9p,aSIZ|Ap|2 /OO da'b [1 — cos [L(Akas — ¢')] + L(q' — Akas) + sin [L(Akas — ql)]]
221) Jooo T (Bkas— )2 ' (Akes — )2 '
(8.6)

The real and imaginary coeflicients multiplying Bq/ in the integrand are sharply peaked
even and odd functions (about ¢’ = Ak,s), respectively. We also note that I_)q/ is nearly sym-
metrically distributed about ¢’ = Ak,s due to the thermal distribution. These conditions
yield an approximate equation of motion for the phonon field, given by

r
’eﬁ DAkas + MAkas (B), (8.7)

bAkys = —i80Aka bAkLs —

where I'ys e = I' (1 + GP,L/4). Here, P, is the probe power and G'g is the Brillouin gain

coefficient (with units W—'m™!) defined by Gp = 4|gs p|?/(wpTvgvgp) = 4/gs pl?|Ap|2/ (PTvg).4

4. We can reparameterize the Brillouin gain by noting that P = fwpvg p|Ap|*.
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Equation 8.7 reveals that the presence of the strong pump modifies the equation of
motion for the phonon through an additional damping term. The anti-Stokes process anni-
hilates a phonon and a pump photon to generate an anti-Stokes (or blue-shifted) photon.
Hence, the anti-Stokes process reduces the average lifetime of the phonon, evident as a
correction to the damping rate.

We now return to Eq. 8.5, in order to make a transformation that simplifies our analysis

and provides a direct connection to our measurements. We begin by defining

z o0 ., ,
6 Z,t = dzl dqlg (T e"(q —Akas)z
q
0 —o0
z e} .y ,
§ Z,t = dZ, dqlfrl (t el(q —Akas)z .
q
0 —00

Here, B(z,t) represents the amplitude of the band of phase-matched phonons that interact

(8.8)

with the probe wave (see Eq. 8.4), and £(z,t) is the Langevin force under this same
transformation. We note that 3(z,t) can be viewed as a continuous sum of the envelope
operator B(z,t) in Chapter 1 centered around Ak,s. Re-expressing Eq. 8.5 in terms of
B(z,t) and &(z,t) yields

2 2 z
B(z,t) = —gﬂ(z,t) +&(z,t) — 19p.as "l Al 4y /0 dz' B(Z,t). (8.9)

Ug
Equation 8.9 can then be used to derive the thermal phonon reduction in the high and

moderate Brillouin coupling limits, as outlined below.

8.3.1 Limit of large Brillouin couplings

We first derive the most general solution for amplitude of the band of phase-matched
phonons, which is particularly useful in the case of large Brillouin couplings (i.e., G P, L >
1). To do this, we solve Eq. 8.9 through a Laplace transform in z. This yields the following

solution for B(z,t), given by
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t
B(z,t)—-/ dt'e= 3¢ (2, ¢)

/ dt/ dele™3¢") G(t——t [ 4Gt —t)(z — 2) | €(2, 1), (810

where G = |gp as|?|Ap|?/vg. Next, we calculate the effective phonon occupation by taking

(BT(L,t)B(L,t)) relative to the thermal value ((th(L, t)Bin(L, 1)), yielding

<é§j§i> { / dt’ / dz'z'e7 10" t'>,/—((_;£t_ J1 [\/4Gt—t')(L )}
+ /_ N dt’ /0 dz’ /0 dz" e Tt )Min(2/, 2") N f(:/)_(j)_ 7 (8.11)

x J1 [\/4(_?('5 —t)(L - z’)] J1 [\/4(?@ — ¢} (L — 2" } }

where Min(2/,2") = (2/ + 2")/2 — |7/ — 2"|/2. While analytical integration of Eq. 8.11

becomes intractable, this expression can be used to numerically calculate the degree of
optomechanical cooling over a full range of device lengths, Brillouin gain coefficients, and

pump powers.

8.3.2 Limit of moderate Brillouin couplings

Alternatively, we can instead take a more conceptual approach and employ certain approx-

imations that are suited to our present Brillouin system. In particular, to draw out the

important dynamics for our inter-modal Brillouin system, we consider the case of moderate

Brillouin couplings, such that GgP,L ~ 1 and (GgP,L/ 4)? < 1, which is a good approx-

imation considering the experimental parameters of our system. To do this, we instead

perform a temporal Fourier transform on Eq. 8.9 and take a spatial derivative, which yields
dB|[z,w] xGpPpI'

o0 o ild =AY,
L - 2 Blz,w] + x/ dq' Ty etd ~Aks)z, (8.12)
—00

Here, we have defined x = 1/(—iw+T/2), B[z, w] is the Fourier transform of 5(z,t), and 7y
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is the Fourier transformed Langevin force (i.e., fiy[w] = Fng] = 1/(27) [72 ng (t)e™™").
We have also used the fact that |gp as|?|Ap|%/vg = G PpI'/4 [75).
Solving Eq. 8.12 yields

z 0 GplPp(2—2) ,
Blz,w] = /0 dz'/ dqlxﬁq/e_x 2 Hd'—Akas)2" (8.13)
—00
GBI Pp(z—2')
To simplify the inverse Fourier transform, we Taylor expand e~ =R to first order,

which, as mentioned earlier is a good approximation in view of the probe power, Brillouin
gain coefficient, and length of this system. We then perform an inverse Fourier transform

via the convolution theorem, yielding the solution for 5(z,t), which is given by

B(z,1) / ' / dq / dt/{ FGB%—(Z—Z)/W(t_t/)e_gyei(q/_Akas)z/.
(8.14)

For comparison, we also calculate the phonon field (8 (z,t)) in the absence of optome-

chanical cooling (i.e., P, = 0)

Bin(z, t)—/ dz/ dq/ dt'ng (t —t')e '—Akas)z’ (8.15)

As a result, the modified occupation of the band of phonons interacting with the probe

wave ({n(Akas))) relative the thermal occupation ((ni,(Akas))) is given by

<n(Akas)> _ <BT(L7t)ﬂ(L7t)>
(nn(Akas)) (8L (L, £)Bin(L, 1))
GpP,L N GEP:L?
4 24 (8.16)
GyP,L
4

=1-

~1-—
r
Fa,s,eff

~
~

)

where the approximations assume that (GgPpL/ 4)? < 1. From Eq. 8.16, we observe that
the additional damping produced by spontaneous anti-Stokes yields an overall reduction in

the thermal occupation.
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As a point of comparison, we can rewrite GpFPpL in terms of an effective optical decay

rate (Yeg) given by the transit time, such that

4|9p,a8‘2|Ap|2L _ 4’5’p,as|2|Ap|2
Tvg T et

GpP,L = (8.17)

where et = vg/L. |Ap|? represents the number of probe photons per unit length and gp as
is the distributed optomechanical coupling. Recast in this form, Gg P, L more closely resem-
bles the expression for cooling in cavity-optomechanical systems [78]—although additional
distinctions emerge in the high GgP,L limit (see Eq. 8.11).

Following a similar derivation one can show that the effective dissipation rate for Stokes

phonons is I's g = I (1 — GsPR,L/ 4), and the phonon occupation is

(n(Aks)) _ |, GePRL  GRFRL?
(nin(Aks)) 4 24
<14 GoPl (8.18)
~ r
Dsefr

Thus, the spontaneous Stokes process reduces the damping and increases the thermal oc-
cupation of the phonon field. With our theoretical predictions in hand, we proceed to

characterize these dynamics experimentally.

8.4 Observation of continuum optomechanical cooling

We use spontaneous inter-modal Brillouin scattering within our multimode optomechanical
silicon waveguide to produce and observe continuum optomechanical cooling. Measure-
ments at room temperature and atmospheric pressure are carried out using the experimen-
tal scheme diagrammed in Fig. 8.3A. Probe light of wavelength 1535.5 nm is generated
by a continuous wave (CW) tunable external cavity laser and split along two paths. The
lower path is used to synthesize a blue-shifted local oscillator by passing the light through
an acousto-optic frequency shifter oscillating at frequency A = 27 x 44 MHz. In the

upper path, the probe wave intensity is controlled using an erbium-doped fiber amplifier
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(EDFA) and a variable optical attenuator (VOA) before being coupled on chip. Follow-
ing the Brillouin-active waveguide, the spontaneously scattered light is separated from the
probe wave using an integrated mode multiplexer and routed off-chip, where it is com-
bined with the optical local oscillator for spectral analysis. Heterodyne detection with a
frequency-shifted LO converts the spontaneous optical spectra into to distinct microwave
signals (of center frequency Qp + A and Qp — A, corresponding to Stokes and anti-Stokes
optical frequencies of w, — O and wy, + OB, respectively), whose spectra are subsequently
recorded on a radio-frequency spectrum analyzer. In this way, heterodyne spectroscopy
permits sensitive, frequency-resolved, high-resolution spectral measurements of Stokes and
anti-Stokes sidebands. Since the scattered Stokes and anti-Stokes waves can be expressed
as a linear product between the probe and phonon fields (see Section 8.3), this heterodyne
measurement provides a window into the internal phonon dynamics, just as in the case of
our silicon Brillouin laser (see Chapter 3).

As we increase the probe power, we observe a power-dependent asymmetry in both
scattering efficiency and linewidth of the spontaneously-generated Stokes and anti-Stokes
sidebands, in agreement with our theoretical predictions presented in Section 8.3. Figure
8.3B plots a series of heterodyne Stokes and anti-Stokes spectra at various probe pow-
ers. At low powers (i.e., when GgP,L < 1), the Stokes and anti-Stokes spectra exhibit
nearly identical scattering efficiencies and linewidths. However, as the probe power in-
creases (GpP,L — 1), the anti-Stokes scattering efficiency decreases relative to that of the
Stokes. (Fig. 8.4B). In addition, as shown in Fig. 8.4A the anti-Stokes (Stokes) spectrum
exhibits appreciable spectral broadening (narrowing), revealing a Brillouin-induced reduc-
tion (increase) in phonon lifetime. This linewidth broadening corresponds to a reduction in
anti-Stokes phonon population by approximately 11%, or 32 K of effective cooling (see Eq.
8.16).
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8.5 Pump-probe experiments and wavevector-selective phonon

spectroscopy

From these measurements, we observe that the Stokes and anti-Stokes spectra evolve in
a power-dependent fashion that is consistent with the predicted dynamics of continuum
optomechanical cooling, as derived in Section 8.3. To ensure that these effects are not due
to optical-only gain filtering (i.e., spectral narrowing or broadening associated with optical
nonlinear gain or loss,? respectively), we use distinct continuous-wave cooling (pump) and
probing fields to modify and observe the cooling dynamics. In this way, we isolate the
underlying phonon dynamics and unambiguously observe the effect of spontaneous Brillouin
scattering on the phonon temperature. Due to the phase-matching conditions, these pump-
probe measurements can be viewed as a form of wavevector-resolved phonon spectroscopy,
revealing a powerful new form of optomechanical control not possible in conventional cavity-
optomechanical systems. We first describe our measurements and then derive corresponding
theoretical pump-probe dynamics for wavevector-resolved phonon spectroscopy.

As illustrated in Fig. 8.2A, these experiments involve synthesizing an additional contin-
uous wave pump source of frequency w;(?) (distinct from the probe frequency wl(,l)), which is
used to cool the phonon field through spontaneous Brillouin scattering. Using weak probe
field of frequency wr(,l), we simultaneously measure the scattered probe sidebands over a
range of wavelengths to characterize the modification of the phonon dynamics induced by
the strong pump wave. Due to the optical phase-matching conditions, the center frequen-
cies of the pump and the probe waves determine the set of phonon wavevectors with which
each field interacts (for more details, see Section 8.6). In this way, phase-matching permits
us to probe the phonon dynamics as a function of acoustic wavevector—simply by tuning
the wavelength of the probe field. This form of wavevector-resolved phonon spectroscopy
is performed by coupling both the pump and probe waves into the symmetric mode of the
Brillouin-active waveguide, as shown in Fig. 8.5A. Through spontaneous inter-modal Bril-

louin scattering, these waves produce two distinct sets of Stokes and anti-Stokes sidebands,

5. For example, a Lorentzian optical spectrum undergoing loss (gain) with a Lorentzian spectral profile
would would undergo spectral broadening (narrowing).
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which are subsequently demultiplexed from the pump and probe waves and routed off-chip
for spectral analysis.

To analyze the phonon dynamics, we isolate the spontaneously generated probe side-
bands from the fields generated by the pump wave using the frequency selectivity pro-
vided by heterodyne detection. By synthesizing a local oscillator (LO) from the probe
wave and combining the scattered fields with the LO on a high-speed photo-receiver (Fig.
28.5A), the Stokes and anti-Stokes light generated by the probe wave produce signals
at respective microwave frequencies Qp + A and Qp — A while the scattered light as-
sociated with the pump produce microwave signals at vastly different frequencies (i.e.,
](wéQ) —) — (wl()l) +A)| and |(w§,2) +Qp) — (wl()l) + A)|, respectively)—permitting crosstalk-
free measurements of the probe scattered sidebands provided that |w1(>2) — wl()l)|/ (27) > 100
MHz and \w}()z) - (wr()l) + Qp)|/(27) > 100 MHz. Thus, since the optical local oscillator is
synthesized from the probe wave (and the pump and probe are of different frequencies), the
resulting microwave signals at Q, + A and €}, — A originate entirely from the optical Stokes
and anti-Stokes sidebands of the weak probe wave, respectively.

Using this experimental scheme, we perform thermal phonon spectroscopy and observe
the cooling effects produced by the pump wave as a function of phonon wavevector. To do
this, we keep the pump wavelength fixed while performing heterodyne spectral analysis of
the scattered probe sidebands over a range of probe wavelengths and pump powers. The
results plotted in Fig. 8.5B show the dissipation rate difference between Stokes and anti-
Stokes spectra and the estimated anti-Stokes phonon occupation as a function of phonon
wavevector. Each data point represents the average change in dissipation rate (and phonon
number) that is obtained from a series of spectral measurements as the pump power is in-
creased. Example spectra of the scattered probe sidebands when the probe wave is (is not)
phase-matched to the same group of phonons as the pump wave are plotted in Fig. 8.5Bii
(Fig. 8.5Bi). High resolution cooling data is presented in Fig. 8.6, revealing that the dissi-
pation rate asymmetry can be used to faithfully predict the change in phonon occupation.
Importantly, these pump-probe experiments show that spontaneous Brillouin scattering
produces cooling over a narrow band of phonon wavevectors, with a wavevector bandwidth

inversely proportional to the length of the device. Thus, this form of optomechanical cool-
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Figure 8.6: Additional pump-probe measurements. (Ai)-(Aii) plot the dissipation rates and
relative phonon occupations salient effects of a strong pump wave on the probe spectra when
the pump is within the phase matching bandwidth ()\g,z) = 1535.6 nm, )\g) = 1535.53 nm).
When this phase-matching condition is satisfied (i.e., the pump wave is interacting with the
same band of phonon wavevectors), we observe that the anti-Stokes (Stokes) probe spectra.
experiences linewidth broadening (narrowing) as the pump power is increased (see panel
(Ai)), revealing that the pump wave coherently modifies the lifetimes of the Stokes and anti-
Stokes phonons. Panel (Aii) plots the ratio of Stokes to anti-Stokes power (proportional to
the ratio of phonon occupations) as a function of total on-chip power and the theoretical
trend from the expected change in Stokes and anti-Stokes phonon occupations. Panel
(Bi)-(Bii) plots the spectral widths and relative powers of the Stokes and anti-Stokes light
(along with associated theoretical trends) when the pump wave is not phase-matched to
the phonons interacting with the probe wave ()\1(32) = 1537.3 nm, )\g) = 1535.53 nm). We
observe that the spectral widths and ratio of Stokes to anti-Stokes powers remains constant
as a function of pump power, which is consistent with the theoretical trend (black). Note
that the constant dissipation rate asymmetry is due to the presence of the probe wave.
Adapted from Ref. [99]. Copyright (2018) by APS.
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ing produces a cold window in wavevector space, distinct from the cold frequency windows
typically produced by optomechanical resonators [184,185]. As such, this waveguide system
gives access to a continuum of phonon modes that can be optomechanically controlled in a

wavevector-selective fashion.

8.6 Pump-probe cooling dynamics

In this section, we derive the dynamics of our pump-probe experiments and show how phase-
matching allows us to perform wavevector-resolved measurements of the phonon occupation.
These measurements involve the use of a strong pump wave (of amplitude Ag)) to modify
the phonon dynamics and a weak probe wave (of amplitude Ag)) to measure the phonon

occupation. In this case, the interaction Hamiltonian of the system is given by

St

H; int = \/_—

oo L 1)
{ / dq / 07 gp s AV (2, 1) AD (2, £)by 8 ~BK2
0
42 AV (2, £) AW (2!, 1) 60— ke’ (8.19)

ng as Z)T(zl’ t)A£)2)(zl,t)bqlei(q’_Akg))zl

+/ / gpa.sA(2) (2 t)A(2 T(Z t)bJr —i(q'~AkE)!

where the superscripts (1) and ) index the optical probe and pump fields, respectively.
Here, we note that the phase-matching conditions Akg) and Akg) are given simply by the
group velocities of the two spatial modes and the wavelengths of the probe and pump waves,
respectively, which in general are distinct (for further details see Eq. 8.31). Following the
same approach used to derive Egs. 8.1-8.5, we compute the equation for the phonon field

of wavevector ¢, given by
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by = (0 — by — b~ ma(t)

(1))2
A L [ e [ s
g

|gp,as] IA(2)|2/ / dz"/ qb e ¢ - kD)2 —i(g- Ak(z))Z.
vg(2m)

From Eq. 8.20, it is evident that both the probe and the pump waves can contribute
to Brillouin cooling as long as they satisfy phase matching. This produces a system of
equations describing the coupled dynamics of the phonon bands interacting with the probe
and pump waves (i.e., setting ¢ = Ak( ) and q= Akg), respectively).

We now transform Eq. 8.20 using the same procedure used to obtain Eq. 8.9. We begin

by defining

(m) _ [P [ i — Ak
B (Z, t) = A dz dq bql (t)e , (821)
—00

where m = (1,2). From Eq. 8.21, it can be seen that () (z,t) and B@(z,t) represent the
narrow bands of phonons that phase-match with the probe and pump waves, respectively.
Rewriting Eq. 8.20 in terms of these new spatially dependent functions yields the following

coupled integral equations given by

B0z, 1) = — 28Dz, 1) +£D(z,1)
21 4012 2
_M/ dz' W (1)
Ug 0
2 z
B |9p,as|2fA1(>)|2f i 8 (2 t)ei(Akgﬁ)—Akg))z'

’Ugg

o 0 (8.22)
63 (z,8) = ~589(2,1) + €2 (2,1)

21 A0)12 p2
o |gp,&S| ’AP | / dZ/IB(Q)(z/,t)
0

Vg
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Here, £(1:2) (2, t) is the Langevin force describing the thermal fluctuations of these phonon

195



bands, defined by §3:2)(z,t) = [ d2’ [ dq'ng (t )ei(q/"Akg’z))z/. We next note that | gp,asl2|A§,l’2) 2 /vg
can be rewritten as GBPlg ’Q)F/ 4, where P;(, ) is the power of the probe and pump waves, re-
spectively. Rewriting Eq. 8.22 in terms of these constants and taking the Fourier transform
in time yields
B L' g 5(1)
—iwB [z,w] = —§B [z,w] +¢ [Z7w]
Wy =
_ g_B_]ZP_ / dz'B(l)[z’, w] (8.23)
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(2) 2
0
1
_ GBI;IE )F/ 2 BOL we Ak -Ak2)2
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Here, B12)[z,w] and £(1?)[2, w] are the Fourier-transformed phonon fields and Langevin

force, respectively. Taking the spatial derivative of these equations yields

BW[z,w] XGBPél)F

dz T 4 Bz, ]
2
. XGBPIS )PB(Q) 2 w]ei(Akgﬁ)—Akg))z
4 9
* (ol —AkD)
+X / dg Ty /4~ ka2
—0o0
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e Gut
dz 4 '
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B XGu P, )FB(U[z ]ez(Ak(z) N
4 7
o]
+X / g/ ~AR),
—o0
Here, x = 1/(—iw+I'/2) and 7}y is the Fourier-transformed Langevin force (i.e., fjy[w] =

Flngl = 1/2m) [%_ng(t)e™™"). We solve Eq. 8.25 perturbatively in a manner that is
consistent with our experimental parameters. Here we assume that the probe wave is weak
and that the strong pump wave modifies the phonon dynamics to first order. This analysis

requires that GBPlgl)L/4 < 1 and (C7'13P1§2)L/4)2 < 1, which is well-satisfied in our pump-
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probe experiments. Under this approximation, Eq. 8.25 simplifies to

o # (o= AR
B(l)[z’ w] :/ dql/ dz’xﬁq/e”'(q"' as )z
—00 0

(2) L
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Substituting B®|z,w] into the equation for BW[z,w] and performing the inverse Fourier

transform yields
® z * | AV (1) s
ﬂ(l)(z,t) = / dq’/ dz'/ dt/nq/ (t— t’)e_it i(d —AkE)z
GBP(Q)F o0 z 7 "
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From Eq. 8.27, we compute the occupation of the group of phonons interacting with

the probe wave relative to the equilibrium value. This computation yields

(n(Aks)) _ (BN, 1)BV(L, 1))

() (Akas)) (BT, 1)BP(L, 1)
GsPPL . 2[(Ak§§)—Ak§?)L]
— SI1NncC

=1—

3 Ji(Z)L ) 2 (8.28)
Bip
ro(| 2]
GgPPL ., [(Akgﬁ)—Ak§i>)L]
~1-— —1 sinc 7 .

This is the central result of this section. Thus, if the necessary conditions are satisfied
(ie., GBPIEI)L/ZL < 1 and (GBPIEZ)L/4)2 < 1), we can, to an excellent approximation, use
the anti-Stokes light generated from the probe wave to measure the phonon occupation and
effective temperature of the band of phonons that are phase-matched to the probe wave.
We note that the theoretical trend in Fig. 8.5B was obtained directly from Eq. 8.28, which
agrees well with our experimental data. It is evident that Eq. 8.28 reaches a minimum

(@) _ ApD

when the pump wave is optimally phase-matched to the probe wave (i.e., Akas as’ )

which occurs when the probe and pump wavelengths are equal ,\8) = )\g) (see Section 8.6).
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In this case, the phonon occupation is

(nV(Akw)) . GeRIL (3.29)
(niy) (Dkas)) 4 '

which, as a cross-check, agrees with the single-probe theory (see Eq. 8.16).
Incorporating the known parameters of our system, we next calculate the phase-matching
bandwidth of phonon wavevectors that are appreciably cooled through spontaneous inter-
modal Brillouin scattering. We begin by stating the phase-matching condition required
by the anti-Stokes scattering process of the probe wave, namely that qe(é)(QB) = Akg? =
ko (wl(,l) + Q) — k1 (wél)), where qg)(QB) is the wavevector of the phonon field interacting
with the probe wave. Thus, the wavevector of the phonon field is dictated by the frequen-
cies and propagation constants of the two optical fields. Now, if we consider the phonon

wavevector that interacts with the pump frequency (qg) (2B)), such that wI(Jz) = wél) + Aw,

we find that the difference between the two phonon wavevectors is given by

@) — ¢ (Qr) = AP — AKLY
= ka(w® + Q) — k1 (w?) (8.30)
- [kg(w[(,l) +Qp) — kl(wg))].

Ignoring higher order dispersion (which is a good approximation in the waveguides
under study), we can simplify this expression in terms of the group velocities of the two
interacting optical spatial modes (vg,1 and vg 2 for the symmetric and antisymmetric spatial

mode, respectively). This simplification yields an expression given by

AEZ) — AR = [—1— — L] Aw. (8.31)

Vg2 Vg1
Here, Aw = wI()Q) —wl(,l). Equation 8.28 reveals that the full width at half maximum (FWHM)
in k-space is (Akg) - Akg)) /2 = 2.78/L. As a result, the FWHM of the phase-matching
bandwidth (in Af = Aw/27) becomes

2. 1
FWHM = 78{‘ T Il' (8.32)
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Inserting the parameters of this silicon system, we find that the phase-matching bandwidth
is 91.4 GHz (0.72 nm). This calculation finds good qualitative agreement with the phase-
matching bandwidth exhibited by the pump probe experiments (see Fig. 8.5B). Thus, by
shifting the pump wavelength by several nm, we can cool an entirely different group of
phonons. In this way, the conditions set by phase-matching permit cooling of continuously

accessible groups of phonons in a wavevector-selective fashion.

8.7 Conclusion and outlook

8.7.1 Physical insights into the dynamics of continuous optomechanical

systems

These studies help us to understand some of the unusual dynamics exhibited by continuous
optomechanical systems. As derived in Eqgs. 8.16 and 8.29 and evident in our experiments,
we observe that significant cooling can be achieved when GgP,L Z 1. It is interesting to
note that the degree of cooling does not depend on the group velocity of the phonons and
consequently acoustic density of states in frequency, in sharp contrast to previous analysis
[182]. Instead, we see that the degree of cooling depends critically on the device length.
This is particularly striking given that the coherence length (I = v, /T") is approximately 60
pm—in contrast to the 2.3-cm length of the waveguide; these parameters correspond to a
total acoustic propagation loss of approximately 10,000 dB over the device length. As such,
it is clear that in the absence of light, the thermal phonon field is spatially uncorrelated
along the device length.

In spite of these extreme spatial dynamics, we observe that the phonon field behaves
essentially as a single entity in the presence of spontaneous Brillouin scattering. This is
because the acoustic states that participate in the spontaneous Brillouin process are de-
termined not by the frequency bandwidth of the Brillouin resonance (phonon dissipation
rate) and acoustic density of states (phonon group velocity) but rather by the optical phase-
matching condition; in a continuous system that is much larger than the intrinsic acoustic
decay length, this is by far the more stringent criterion. In other words, due to the disparate

velocities of light and sound, optical phase-matching plays the dominant role in selecting
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the acoustic states that participate in the cooling process. In this way, phase-matching con-
centrates the optomechanical cooling process over a narrow band of acoustic wave vectors,
allowing us to significantly alter the phonon occupation in a wavevector-selective fashion.

Our results reveal that the optical fields phase-match to an exceptionally narrow band
of phonon wavevectors, with a phase-matching bandwidth (full width at half maximum)
determined by the length of the system (ie., Ag = Ak — Ak = 2.78/L). Hence,
although the effect of cooling becomes more pronounced as the length increases, Brillouin
cooling occurs over a narrower bandwidth of phonon wavevectors. It is important to note
that our analysis is only valid for the case when the optical dissipation rate is greater
than that of the acoustic. If this temporal dissipation hierarchy is not satisfied, energy
transferred from the acoustic field to the optical fields may return the acoustic field, instead
of escaping the system. Thus, longer systems may face a fundamental challenge to achieve
Brillouin cooling; the upper limit of optical dissipation rate, which is set by the transit
time, cannot be smaller than the acoustic dissipation rate. This sets a practical limitation
to the length over which cooling can occur, namely that L < % In the case of this silicon
optomechanical waveguide, this constraint corresponds to a length of about 1 m.

In summary, we find that substantial continuum optomechanical cooling is predicated
upon three essential conditions. First, there needs to be dispersive symmetry breaking
between the Stokes and the anti-Stokes process. Second, the optical dissipation rate —
either due to propagation losses or the finite length of the system —must be much greater
than the acoustic dissipation rate (7 > I'). Finally, for large Brillouin cooling, the product

of Brillouin gain, probe power, and length needs to be at least of order 1 (i.e., G, PL g O(1)).

8.7.2 Manipulating noise and dissipation in Brillouin technologies

As we seek new ways to utilize and shape Brillouin dynamics, this form of optomechanical
cooling presents compelling opportunities to manipulate and enhance the performance of a
range of Brillouin-photonic technologies. In particular, continuum optomechanical cooling
unlocks strategies for reservoir and dissipation engineering [186] over unprecedented optical
and acoustic bandwidths [78]—a new tool to mitigate noise and manipulate dissipation in

continuous optomechanical systems. For instance, as we observed in Chapter 7, the optical
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noise figure of Brillouin amplifier systems is fundamentally determined by the thermal
occupation of the Brillouin-active phonon field. Given this critical dependence, the ability
to mitigate thermal noise in these systems would directly translate into an improvement in
the optical noise figure. Reservoir-engineered Brillouin amplifiers of this kind would allow
us to reach state-of-the-art noise performance while providing record-high Brillouin gain.

Furthermore, as we demonstrated in Chapter 3 and 6, the linewidths of both silicon
Brillouin laser systems and conventional Brillouin lasers are fundamentally determined by
the thermal occupation of the Brillouin-active phonons [81,95]. Thus, optomechanical
cooling of this form may be used as a powerful tool to improve the noise performance of
Brillouin laser systems. Moreover, our results pave the way for new strategies to shape the
internal Brillouin dynamics through in situ, dynamical control of dissipation and nonlinear
susceptibility. The ability to engineer dissipation may allow continuous explorations of
disparate 3-wave laser dynamics—from the acoustic linewidth narrowing [95] to optical
linewidth narrowing regimes [81]. Beyond Brillouin lasers and amplifiers, the ability to
control both noise and dissipation could permit new Brillouin-based filtering schemes with
tunable bandwidths and enhanced noise performance [22,140].

As we have demonstrated in this chapter, multimode dispersion and phase-matching in
this continuum optomechanical system allows us to selectively address and cool phonons
as a function of acoustic wavevector, simply by tuning the wavelength of the laser light.
These dynamics permit a range of potential schemes in which a secondary cooling laser may
be used to reduce the thermal occupation of phonons that mediate Brillouin amplification,
filtering, or lasing, resulting in improved noise performance. A key requirement in such
schemes is that the set of wavevectors addressed by the anti-Stokes (cooling) process must
be the same as the wavevectors of the phonons mediating Brillouin amplification.

This condition can be met, for instance, by injecting slightly detuned cooling light into
the opposite spatial mode of that of the pump used to achieve amplification. Dispersion en-
gineering could dramatically enhance the ability to address the same sets of acoustic states
at disparate wavelengths. Alternatively, configurations in which pump and cooling light
counter-propagate within the same spatial mode can also satisfy this phase-matching con-

dition. Furthermore, inter-modal photonic-phononic emit receive structures [187]—which
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permit optomechanical coupling between optically distinct waveguides—could add new de-
grees of control and enhanced flexibility for future cooling schemes. Finally, these cooling
dynamics may be adapted to and radically enhanced by resonant geometries (as in Chapter
4) and/or mid-infrared wavelengths, as we describe in Chapter 9, opening the door to cool-
ing that is orders of magnitude stronger than possible with telecom-band linear waveguide

systems.
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Chapter 9

Mid-infrared nonlinear silicon

photonics

9.1 Introduction

The ability to tune the nonlinear SBS coupling strength over a range of parameters repre-
sents a central objective as we seek new ways to control and manipulate Brillouin dynamics.
To this end, numerous design strategies have been explored to enhance optomechanical cou-
pling by confining the optical and elastic mode energies into smaller volumes [30,69]. In
silicon, however, there is a nontrivial trade-off between the enhancement of the intrinsic
coupling and the resulting increase in linear and nonlinear loss. Specifically, at the telecom
wavelengths where silicon photonics circuits typically operate, two-photon absorption (TPA)
and TPA-induced free-carrier absorption quickly overtake the nonlinear growth supplied by
Brillouin gain [188].

Two-photon absorption is a nonlinear optical process resulting from the imaginary com-
ponent of the nonlinear susceptibility x(®). In semiconductor systems, the underlying physics
becomes quite clear by noting that the energy of two photons must be sufficient to excite
a carrier in the valence band into the conduction band, as shown in Fig. 9.1C. This photo-
excited carrier can subsequently induce absorption of another photon within the conduction

band through TPA-induced free-carrier absorption. In the limit of small signal powers, the
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competition between Brillouin gain and nonlinear loss can be described by the following

ordinary differential equation, given by [23]

dP,
—L = _—ap, - 5TPAP§ - VFCAPS — GP,F;

dz (9.1)

dP.
d; = —aPs — 2p1paB Ps — 7FCAP§ P+ G P s,

where P, is the Stokes power, P, is the pump power, « is the linear propagation loss

coefficient, Arpa is the TPA coefficient, ypca is the TPA-induced free carrier coefficient,
and Gg is the Brillouin gain coefficient. For simplicity we have assumed a single-mode
waveguide system and consider the case in which the Stokes power is significantly smaller
than that of the pump (i.e., P2/P <« 1). From Eq. 9.1, we note while the nonlinear
coupling strength is enhanced linearly with increasing pump power, the TPA and TPA-
induced free carrier absorption grow as P? and P3, respectively.

However, these nonlinear loss dynamics fundamentally change in the case of long wave-
lengths, specifically beyond 2.1 um, where the collective energy of two photons is no longer
sufficient to bridge the band gap. As a result, nonlinear loss from two-photon absorption
and TPA-induced free-carrier absorption vanish in this mid-infrared region. In this case,
three photons are required to produce what we call three photon absorption (3PA) (see Fig.

9.1D), and the nonlinear power dynamics are now given by

dP,
> (9.2)

dP.
d; = —aP; — yrpaP2Ps — xvcaPiP. + Gs By P,

where y3pa and xpca are the nonlinear loss terms arising from 3 photon absorption (3PA)
and 3PA-induced free-carrier absorption, respectively. Fig. 9.1A plots a comparison of
the estimated nonlinear losses at 1.5 um and 2.8 pm within a 1.5- and 2.5-pm waveguide,
respectively. These estimates suggest more than a 20-fold increase in power handling at
longer wavelengths, which directly translates into much stronger Brillouin coupling. As an
example, Fig. 9.1B plots the Brillouin amplification in the presence of linear and nonlin-
ear loss as a function of input pump power for both telecom (blue) and mid-infrared (red)

wavelengths. These predictions indicate that, due to improved power handling, mid-infrared
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Brillouin amplification in silicon may be many orders of magnitude larger than what is pos-
sible at conventional telecom wavelengths, opening the door to radically enhanced nonlinear
couplings for Brillouin-based laser, amplifier, and filter technologies.

Given this potential, the development of mid-infrared optomechanical waveguides and
new experimental tools for mid-infrared device characterization would permit access to pre-
viously inaccessible regimes of Brillouin dynamics. In this chapter, we report our progress on
the development of the mid-infrared experimental apparatus, optomechanical waveguides,

and device concepts for future Brillouin-photonic technologies.

9.2 Experimental scheme

9.2.1 Mid-infrared challenges

The mid-infrared spectral region has been referred to as the new frontier of emerging pho-
tonic technologies [190]—the opportunities are as promising as they are challenging [191].
While this wavelength range has long been recognized as ideally suited for remote sensing,
free-space communications and chemical detection technologies [191], mid-infrared photonic
technologies have lagged behind their near-infrared and visible counter-parts. There are two
principal reasons for this relative lack of maturity.

First, from 2.5 pm and beyond, propagation loss in silica-based optical fiber increases
dramatically due to phonon absorption [192]. Lack of standard fiber-optic technologies
in the mid-infrared not only inhibits otherwise routine routing of optical signals, but also
limits the availability of standard components such as variable optical attenuators, high-
speed modulators, polarization controllers, etc.—many of the essential building blocks of
our nonlinear Brillouin laser spectroscopy system.

Second, the mid-infrared spectral region is hampered by a lack of high-speed, low-noise
detectors. Traditionally, narrow-bandgap semiconductors have been used in the context of
mid-infrared photo-detection, with energy scales that match those of mid-infrared photons.
However, these systems are slow—typically limited to MHz frequencies, clearly not suit-
able for GHz-scale Brillouin spectroscopy. Moreover, these detectors are hindered by large

levels of dark current, which grows exponentially with KpT/Eg [193]. As such, sensitive
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mid-infrared detection often requires some form of multi-stage thermo-electric or cryogenic
cooling.

In light of these significant challenges, we have developed new strategies to generate,
route, and detect mid-infrared light. Our approach, detailed below, allows us to explore
new mid-infrared nonlinear optics in silicon with all the functionality of standard, high-

performance telecom technologies.

9.2.2 General scheme

Our experimental strategy consists of 6 distinct operations and corresponding sub-systems,
as diagrammed in Fig. 9.2. First, telecom light is prepared—using a combination of modu-
lators, amplifiers, and variable optical attenuators—according to the desired experimental
study. In the case of forward intra-modal Brillouin scattering experiments, for instance, a
strong telecom-band carrier and weak intensity-modulated sidebands would synthesized at
this stage. At the same time, a strong (up to 3 W) near-infrared (990-nm) pump laser is gen-
erated using a external-cavity diode laser and tapered amplifier (see Fig. 9.2ii). These light
fields are subsequently combined within a periodically-poled lithium niobate (PPLN) sam-
ple, which, through a x(?)-based difference frequency generation (DFG) process, is used to
synthesize tunable mid-infrared light (see Fig 9.2iii). Provided a narrowband near-infrared
pump source, nonlinear wavelength conversion of this form produces a carbon copy of the
telecom-band light at a wavelength of approximately 2772 nm. In this way, we are able
to generate tunable mid-infrared light whose spectral content can be shaped with standard
telecom-band components.

To achieve powers necessary to demonstrate radically enhanced Brillouin couplings,
mid-infrared light is amplified up to 4 W using a two-stage, erbium-doped fluoride fiber
amplifier diagrammed in Fig. 9.2iv. Once at the desired power levels, the mid-infrared light
is directed on-chip through grating couplers (see 9.2v), which may interface any number
of amplifier, laser, or filter devices. The spectral content of light passing through any of
these devices will be modified through the desired nonlinear process. Subsequently, this
light can be converted back down to telecom wavelengths through the inverse difference

frequency generation process (see Fig. 9.2vi), permitting high-speed photo-detection and
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analysis with standard telecom-grade equipment (see Fig. 9.2i). This approach allows us
to leverage inexpensive and high-performance telecom sources, modulators, and detectors
for precision, high-power nonlinear spectroscopy in the mid-infrared. In what follows, we

describe in greater detail the most important experimental sub-systems of our apparatus.

9.2.3 Difference frequency generation

Difference frequency generation is a three-wave nonlinear process in which two optical waves,
generally referred to as the pump (wp) and signal (ws) waves, interact to produce an idler
wave at their difference frequency (wi = wp — ws) [12]. As such, this process can be used
as a form of classical wavelength conversion. In addition to energy conservation, efficient
nonlinear conversion is governed by the phase-matching condition given by k, = ki + ks.

This condition can be re-expressed in terms of the frequency-dependent refractive index

(n(w)) as

n(wp)wp = n(ws)ws + n(wi)wi. (9:3)

From Eq. 9.3, we observe that the phase-matching condition cannot be satisfied in nor-
mally dispersive media where the index grows with frequency. To achieve robust difference
frequency generation over a range of wavelengths, we use a temperature-controlled, period-
ically poled lithium niobate (PPLN) crystal. Here the periodic poling (or periodic inversion

of the nonlinearity) creates a quasi-phase-matching condition of the form

kp = ks + ki + kg, (9.4)

where kg is the wavevector associated with the grating period Ag (i.e., kg = 27/)g). In
this way, the grating period can be chosen to permit phase-matched operation with various
signal and idler frequencies. Moreover, thermal control of the periodically poled lithium
niobate sample allows us to fine tune the phase-matching condition in a dynamical, in situ
fashion.

When optimally phase-matched, difference frequency generation produces an idler wave

with an efficiency (n) given by [194]
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=g o (9.5)
c3eon(ws)n(wi)

where deg is the x(¥ nonlinear coefficient (with units of [pm]/[V]), L is the effective inter-
action length, and I, is the pump intensity.

The experimental system used to produce and characterize difference frequency gener-
ation is shown in Fig. 9.3A-B. A telecom-band signal wave and a near-infrared pump wave
are combined along the same optical path using a long-pass dichroic mirror. Subsequently,
the light is focused using an off-axis parabolic mirror with a focal length of 10.1 cm. This
reflective element places the beam waist of each wave (46 pm and 61 um, respectively)
at the mid-point of the 5-cm-long periodically poled lithium niobate crystal (micrograph
shown in Fig. 9.3C). The PPLN crystal is housed within a high-temperature oven with
sub-°C stability. The PPLN crystal grating is 30 wm, permitting phase-matched difference
frequency generation at a nominal temperature of 140 °C. The mid-infrared idler is then
isolated from the pump and signal waves using a Germanium window, after which, light is
collected on a PbSe AC-coupled detector. To improve the sensitivity of our measurement,
we modulate the pump-light intensity using an optical chopper, and then measure the sig-
nal through lock-in detection. Thus, by filtering out the 990 nm pump light, the detected
lock-in signal originates entirely from generated mid-infrared light.

Using this experimental scheme, we use pump and signal powers of 860 mW and 290
mW to generate 0.2 mW of mid-infrared idler light. This corresponds to an efficiency of
0.07%, in rough agreement with our theoretical estimate of ~ 0.2%. The variation between
our measurements and predictions may be attributed to non-idealities in the pump beam
profile that result in reduced spatial overlap between the pump and signal fields.

Figure 9.3D shows the normalized idler power as function of signal wavelength, revealing
a characteristic phase-matching spectrum with a FHWM of about 6 nm. This same band-
width corresponds to a mid-infrared range of approximately 20 nm. This phase-matching
condition can also be varied by controlling the environmental temperature of the sample, as
shown in Fig. 9.3E. The flexibility provided by both the telecom signal source as well as the

PPLN temperature controller allows us to readily tune the mid-infrared idler wavelength
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over more than 30 nm.

9.2.4 Mid-infrared amplifier

As described above, nonlinear mixing within a temperature-controlled PPLN crystal permits
flexible mid-infrared light generation, with total output powers approaching the mW level.
However, to take advantage of silicon’s low nonlinear loss properties and achieve the desired
nonlinear Brillouin couplings, this light must be amplified to the Watt level; this degree of
amplification would require more than 30 dB of gain.

It is well known that the rare-earth ion Erbium can be used to produce efficient optical
amplification at 1.55 um wavelengths, providing the basis for efficient erbium-doped silica-
based fiber amplifiers in the c-band [172]. Less known, however, is that erbium possesses
an even stronger and broader gain spectrum at 2.8 um. Unfortunately, this amplification
window is inaccessible in traditional silica fiber, as multiphonon absorption renders the
material opaque past 2.5 um [192]. By contrast, fluoride fiber systems, in particular those
based on ZBLAN glass, are excellent host material for erbium. Erbium-doped fluoride
fibers have recently been leveraged for high-power amplifiers [195], lasers [196,197], and
supercontinuum generation [198]. In the context of amplifiers, the 2.8 pm transition is
unique as it does not involve the ground state. As such, the doped-fiber retains its low-loss
properties in the absence of optical pumping—in contrast with the 1.55 um transition.

We use a two-stage, fluoride-based EDFA to achieve record high levels of amplification
necessary to bring a ~ 0.2-mW signal to the multiple-Watt level. This custom-made system
(Femtum 2800), comprised of a low-noise pre-amplifier and high-power final amplifier, is
displayed in Fig. 9.4A. Each amplifier is powered by a 980-nm pump diode of maximum
output power 30 W and 9 W, respectively. The pre-amplifier boosts ~mW mid-infrared
optical signal to approximately 80 mW. The light is subsequently transmitted through a
mid-infrared free-space isolator, which prevents parasitic lasing that would otherwise arise
from unwanted back-scatter, and is then coupled into the high-power amplifier.

We characterize this two-stage amplifier system using as low as 0.1 mW of light mid-
infrared DFB laser, whose center frequency falls within the gain bandwidth of the ampli-

fier. Figure 9.4B plots the mid-infrared output power as a function of 980-nm pump power,
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demonstrating a total output power of 4 W at a maximum pump power of 14 W. Thus,
overall, this two-stage amplifier provides more than 40 dB of gain. This amplifier, in con-
junction with our difference frequency generation system, allows us to synthesize spectrally

re-configurable, high-power mid-infrared light.

9.2.5 Silicon devices

In this section, we describe the chip alignment setup and preliminary measurements of
passive silicon devices. We couple mid-infrared light into our silicon waveguides through use
of grating couplers of the type shown in Fig. 9.5A. Reference devices optimized for telecom
wavelengths are fabricated adjacent to the those intended for mid-infrared wavelengths.
The mid-infrared grating design consists of 10 equally spaced teeth, with a nominal pitch
of 1500 nm. Simulated grating coupler efficiencies are presented in Fig. 9.4C.

We experimentally characterize our devices using a mid-infrared DFB laser (Nanoplus
DFB-260300) in conjunction with lock-in detection to enhance sensitivity. Light emitted
from the DFB laser is transmitted through a mid-infrared half waveplate for polarization
control and subsequently coupled into a single-mode ZBLAN patch cord, which channels
the light towards the desired grating coupler. We fabricate grating coupler designs with
a range of pitch parameters; normalized transmission measurements are presented in Fig.
9.4D, showing good agreement with the simulated behavior. We also fabricate devices of
various suspended waveguide lengths to characterize the linear propagation losses through
cut-back measurements. Normalized transmission measurements are plotted as a function of
waveguide length in Fig. 9.4D. A linear fit from these data suggests potential for low prop-
agation loss (0.12 & 0.17 dB/cm), though additional measurements are required for greater
confidence levels. This is particularly true in the case of cut-back measurements, which
require consistent fiber-to-chip separation and grating coupler performance. To eliminate
these potential sources of error, future measurements could involve the characterization of
silicon ring resonators to determine the intrinsic propagation losses. Finally, we note that
the measurements presented in Fig. 9.4D were taken immediately following the final HF
wet etch. Preliminary measurements over the course of many hours suggest that native

oxide growth on the silicon waveguide surface introduces additional loss mechanisms. Fur-
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ther study and innovation in our fabrication process may be therefore necessary to more

permanently maintain low propagation loss.

9.3 Conclusion and outlook

In this chapter, we have demonstrated the essential capabilities necessary to (1) perform
high-power mid-infrared nonlinear spectroscopy in silicon and (2) manipulate Brillouin dy-
namics through radically enhanced mid-infrared pump powers. We have developed and
characterized a robust difference frequency generation system, allowing us to spectrally
translate telecom light to the mid-infrared in a tunable and reconfigurable fashion. Using a
fluoride-based erbium-doped fiber amplifier, we have also demonstrated ultra-high gain am-
plification of small (~ 0.2 mW) mid-infrared signals to the 4 W level. In addition, we have
designed and fabricated mid-infrared silicon photonic devices with good grating coupler per-
formance and moderate-to-low linear losses. The ability to access nonlinear couplings that
are potentially orders of magnitude stronger than those possible at telecom wavelengths
lays the groundwork for a powerful new set of integrated nonlinear photonic device physics.

In this section, we highlight many of these opportunities now within reach.

9.3.1 High power Brillouin amplifiers and lasers

Given the lack of TPA-induced nonlinear loss mechanism, the mid-infrared spectral region
opens the door to levels of Brillouin amplification not previously possible in linear silicon
waveguide systems. As estimated in Fig. 9.1B, small signal amplification of more than
80 dB may be possible; this would represent a > 107-fold improvement beyond what is
possible in linear waveguide systems at 1.55 pm. Such large degrees of amplification also
have important consequences in the context of silicon Brillouin laser systems. Through
Schawlow-Townes line narrowing, which scales inversely with the circulating Stokes power
(see Eq. 9.6), the newly accessible intracavity powers in excess of 1 W may permit sub-Hz
phonon linewidths. Moreover, since the accessible intracavity pump powers may be orders
of magnitude higher than the pump threshold, we have the opportunity to fundamentally

change the regime of linewidth narrowing dynamics. Specifically, by increasing the phonon
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dissipation rate—readily achieved by tailoring the waveguide geometry—such that it signif-
icantly exceeds that of the optical fields, the silicon-based Brillouin laser will exhibit optical

linewidth narrowing. In this case, the resulting optical linewidth is given by [81]

Y th th
Av=——(n n, 1 9.6
47I'Ns( B + s + )7 ( )
where v is the optical dissipation rate, ntg‘ is the thermal phonon occupation, niP is the

thermal Stokes occupation, and Ny is the coherent Stokes number. With mid-infrared
pump powers, integrated silicon Brillouin lasers with Hz-level Schawlow-Townes optical
linewidths may be feasible (see Fig. 9.6A), representing orders-of-magnitude improvement

beyond state-of-the-art mid-infrared semi-conductor lasers [199].

9.3.2 Optomechanical cooling

The radically enhanced nonlinear coupling strengths available in the mid-infrared can also
be used to access new regimes of Brillouin-based optomechanical cooling, as we demonstrate
for the first time in Chapter 8. In the case of continuous (or linear-waveguide) systems,
mid-infrared pump powers of 1 W could be used to reduce the occupation of phase-matched
phonons by nearly a factor of 10 (see Fig. 9.6B), which would directly translate into an
improvement in the optical noise figure. At the same time, combining optomechanical
cooling dynamics with the resonantly enhanced structures of Chapter 4, effective cooling
factors of 10-100 may be possible, allowing us to improve the optical noise figure of resonant
Brillouin amplifiers by orders of magnitude.

In conjunction with mid-infrared silicon-based Brillouin lasers, the new regimes of op-
tomechanical cooling can be used for phononic dissipation engineering [186], allowing us
to tune the elastic damping to access the desired regime of temporal linewidth-narrowing
dynamics. Moreover, in the case of optical linewidth narrowing, the use of optomechanical
cooling reduces the fundamental optomechanical noise present in the system (see ntBh in

Eq. 9.6), permitting further reduction of the optical linewidth beyond the conventional

Schawlow-"Townes limit.
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9.3.3 Photonic-phononic emit-receive devices

Another promising opportunity for research in the mid-infrared involves the use of the
photonic-phononic emit-receive (PPER) devices described in Chapter 5. At telecom wave-
lengths, we have used these systems to demonstrate RF-photonic filtering schemes with
passbands that are nearly 100x narrower than what is possible with conventional silicon-
photonic devices. Because these structures involve two separate optical waveguides that
are coupled through traveling elastic waves, one can think of these systems as producing a
form of wavelength conversion [140]. In particular, in the case of forward intra-modal Bril-
louin scattering, the phase-matching conditions are reasonably well satisfied over extremely
large wavelength shifts in spite of waveguide and material dispersion, as illustrated by Fig.
9.6C. In this way, we may be able to use these PPER dynamics to achieve at least one
direction of wavelength conversion. For instance, we can imagine using 1.55 pm light in
the emit waveguide to transduce a traveling elastic wave, which can then phase-modulate
mid-infrared light in the receive waveguide. The modulated mid-infrared light can then be
frequency-converted to the telecom band and detected with a high-speed receiver. Since
this particular implementation requires only a single wavelength conversion step, it is likely
one of the most accessible initial demonstrations.

Furthermore, generalizing these PPER structures to optical waveguides that support
multiple optical spatial modes opens the doors to new, high-performance non-reciprocal
devices. Through recent experiments, we have achieved proof-of-concept demonstrations
of this form of non-reciprocal modulation at 1.55 wm, which produces unidirectional mode
conversion over large (> 1 nm) bandwidths [187]. However, nonlinear losses at 1.55 um
limit the power handling of the device so as to limit the overall modulation efficiency
to 1%; in other words, only 1% of the light in the receive waveguide is mode converted
through inter-modal Brillouin scattering. To adapt this device physics to create a broad-
band isolator, we must increase the pump power to achieve efficiencies that approach unity.
As such, the ability to access large nonlinear couplings in the mid-infrared may provide a
promising avenue to achieve such efficiencies (as shown in Fig. 9.6D), opening the door to

ultra-broadband, optically driven acousto-optic silicon isolators.
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9.3.4 Other optical nonlinearities

Beyond Brillouin interactions, the radically enhanced optical powers supported in mid-
infrared silicon waveguide systems allows us to shape the strength and character of inter-
actions arising from other nonlinearities, such as Raman or Kerr nonlinearities [12,200]. In
the context of Raman processes, the mid-infrared spectral regions opens to door to powerful
Raman-based amplifier [201] and laser technologies [202]. Relative to Brillouin interactions,
Raman-based amplifiers benefit from much larger gain bandwidths, and in particular, lower
thermal noise given the high frequencies (~ 15 THz) of the optical phonon that mediate
such nonlinear interactions. Thus, given that the thermal occupation is much less than
1, the optical noise factor of these devices may actually approach quantum limits (as pre-
dicted in Chapter 7). With regard to new types of mid-infrared lasers, the naturally large
frequency shifted associated with Raman processes could prove advantageous for shifting
large optical powers over several hundred nanometers in a highly efficient manner.
Kerr-based processes, resulting from the intensity dependence of the refractive index,
also show great promise for mid-infrared silicon-photonic technologies. For instance, degen-
erate four-wave mixing processes in the mid-infrared may enable large levels of broadband
parametric amplification [203,204]. Since these interactions are electronic in nature, the
optical noise figure of such Kerr-based amplifiers is not limited by any sources of optome-
chanical noise. Furthermore, resonant structures, such as those we demonstrate in this
dissertation (see Chapter 4 and 5), may be used to harness this form of parametric gain
to create high-performance resonantly enhanced amplifiers [205], continuous wave optical
parametric oscillators [206], and squeezed-light sources [207] in the mid-infrared. Four-wave
mixing processes may also prove useful in the context of silicon-based wavelength conversion

for an array of important classical and quantum applications [193,208].
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Chapter 10

Conclusion

10.1 Summary

In this dissertation, we have developed and explored new strategies to shape and manipulate
Brillouin dynamics through modal engineering, optical feedback, active silicon photonic con-
trol, synchronization, optomechanical reservoir engineering, and high-power mid-infrared
photonics. Individually and collectively, these newly developed tools lay the groundwork
necessary to take full advantage of the unique properties of Brillouin interactions for the
next generation of silicon-based lasers, amplifiers, filters, and non-reciprocal devices within
CMOS-foundry-compatible silicon photonic circuits.

Fundamental to this dissertation research is our ability to use phase-matching to shape
traveling-wave Brillouin dynamics as we so desire. Through structural control, we have cre-
ated Brillouin couplings that were not previously possible in conventional silicon photonic
waveguides. Moreover, we have shown that multimode waveguide engineering allows us
to shape the fundamental Brillouin physics through inter-modal scattering processes. Due
to the unique phase-matching conditions, such interactions produce a type of dispersive
symmetry breaking that decouples the Stokes (phonon generation) from the anti-Stokes
(phonon annihilation) process, yielding single-sideband gain in a forward scattering geome-
try. The simple amplification dynamics and modal degrees of freedom enabled through this
new on-chip process provide an elegant framework for practical Brillouin-based technologies

in silicon photonics.
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By introducing optical feedback in the form of a high-Q multimode resonators, we have
shown that we are able to radically enhance this single-sideband process, transforming the
modest ~ 2-dB gain possible in a linear waveguide into more than 30 dB. Due to phase-
matching, this high-gain amplification is intrinsically unidirectional, yielding large non-
reciprocal contrast with no insertion loss for the first time in silicon photonics. Furthermore,
when the total optical gain for the Stokes wave exceeds the round-trip loss, we show that
this system begins to self-oscillate, representing the first demonstration of Brillouin lasing in
silicon. This inter-modal laser system we have demonstrated is a dramatic departure from
conventional Brillouin laser designs, yielding unprecedented size and frequency scalability
and new degrees of control through mode engineering. Moreover, due to the unique spatio-
temporal dynamics of the interacting optical and elastic waves, this system allows us to
explore an intriguing limit of 3-wave laser physics. We have developed new experimental
and theoretical tools to characterize and understand these dynamics.

Building on this work, we have developed new strategies to control the laser emission
through injection locking. By introducing a coherent seed, we have shown that we are able
to control the laser emission with sub-Hz resolution. In addition, due to the unique spatio-
temporal dynamics of the system, we are able to dramatically reduce the phase-noise of
the laser emission, achieving approximately 7 orders of magnitude phase-noise suppression
below the Schawlow-Townes limit.

Through a combination of experimental and theoretical analysis, we have shown how
fundamental optomechanical fluctuations place limitations on the linewidth and effective
noise figure of Brillouin lasers and amplifiers. In our quest to further mitigate noise in
Brillouin-photonic systems, we have demonstrated a new type of traveling-wave optome-
chanical control. Harnessing the symmetry breaking produced by phase-matching in mul-
timode systems, we have shown that spontaneous anti-Stokes Brillouin scattering can be
used to selectively cool propagating phonons in a continuous system. Through a new type
of wavevector-resolved phonon spectroscopy, we have shown that this process produces a
cold thermal window in wavevector space which can then be leveraged to suppress noise
and control dissipation for improved performance of Brillouin-based amplifiers, lasers, and

filters.
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Through our collaboration with Sandia National Laboratories, we have shown that this
flexible Brillouin-based physics is not only possible with prototype-scale electron-beam
lithography, but also accessible in CMOS-foundry compatible systems. Our results have
demonstrated that, due to improved precision and uniformity, CMOS-foundry fabrication
yields Brillouin amplifier, laser, and filter technologies with significantly enhanced perfor-
mance in terms of Brillouin coupling, optical losses, and acoustic Q-factors. These results
reveal that Brillouin devices are remarkably amenable to standard silicon photonic device
fabrication, a crucial step towards co-integration within complex photonic circuits. Building
on these results, we have developed a wide range of active-silicon photonic circuit designs

that synergistically combine Brillouin device physics with active silicon photonic control.

10.2 Impact

In the broader context of silicon photonics, the new device physics we have introduced in
this dissertation addresses long-standing challenges in terms of silicon-based lasers, ampli-
fiers, and non-reciprocal elements. Moreover, our efforts to adapt silicon-based Brillouin
devices to standard CMOS processes is a significant step towards the introduction of these
technologies into production-scale photonic circuits. With the new tools presented here,
we have the ability to shape Brillouin dynamics and improve performance according to the
desired application.

While the strategies we have explored are individually compelling, together they are
significantly more powerful. For instance, harnessing optomechanical cooling physics within
Brillouin amplifiers enables both noise mitigation and dissipation engineering, allowing us to
improve the noise figure and tune the gain bandwidth. Such performance can be additionally
enhanced through the use of optical feedback to radically boost both the unidirectional
amplification and cooling. With our new active designs, these devices will be thermally
tunable, permitting reconfigurable operation across the entire c-band. Furthermore, access
to strong mid-infrared nonlinear couplings may permit effective nonlinear couplings that are
orders of magnitude larger than possible at telecom wavelengths, admitting new regimes of

optomechanical cooling, laser dynamics, and amplification physics.
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Adapting the strategies developed in this dissertation to other nonlinearities opens the
door to a diverse array of advanced and complementary silicon photonic devices. We have
seen, from the Brillouin amplification dynamics, that the noise figure depends critically
on the thermal phonon occupation. As a result, high phonon frequencies are desirable
for the best noise performance. In this respect, Raman interactions may offer important
advantages in applications with low-noise tolerance since the average thermal occupation of
THz-frequency phonons is nearly zero. Thus, adapting our resonantly enhanced amplifier
concept to Raman interactions may be a key step toward high-gain, ultra-low noise figure
amplifiers in silicon photonics. In addition, Kerr-based interactions, such as four-wave
mixing, may be of great utility due to the potential to achieve quantum-limited performance.
By engineering multimode Kerr couplings, we may be able to use the same resonant and
non-resonant design strategies developed in this dissertation. Importantly, we can leverage
phase-matching in inter-modal processes to achieve unidirectional amplification and back-
scatter immune optical parametric oscillation. Furthermore, lack of thermal noise in these
electronic-based nonlinearities enables important quantum applications in single-photon
generation [17,18] and quantum frequency conversion [19]. In this way, we can use a
systems-level approach to identify, harness, and manipulate the unique properties of each

nonlinearity to create the next generation of powerful integrated photonic circuits.
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Appendix A

Standard fabrication process

Brillouin devices are fabricated from a single crystal silicon-on-insulator wafer with 215
nm of silicon atop 3 um buried oxide. Optical waveguides are patterned with hydrogen
silsesquioxane (HSQ) negative photoresist using electron-beam lithography. After develop-
ment in Microposit™ MFT.312, we perform a chlorine reactive ion dry etch (RIE) to
remove 80 nm of silicon. Slots are patterned with either ZEP520A or CSAR positive pho-
toresist through a second electron-beam exposure. These slots are subsequently developed
with Xylenes. We then perform a second chlorine RIE etch, which removes the silicon in
the slot regions down to the buried oxide. Finally, we perform a wet etch with 49% hy-
drofluoric acid to remove the oxide undercladding and suspend the Brillouin-active regions

of the device.
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Appendix B

Silicon Brillouin laser: system

parameters
Optical properties value
L 4.576 cm
FSR (symmetric) 1.614 GHz
FSR (anti-symmetric) 1.570 GHz
T2 0.54
125] 0.84
r1 0.97
M1 0.24
a2 15.8 m™!
a1 6.0 m™!
Vg2 7.163 x107 m/s
Vg,1 7.385 x10” m/s
Y2 27 481 MHz
T 27 83 MHz
Linreshold 5.4 x 106 Wem ™2
Pump linewidth 13 kHz

Table B.1: Optical parameters

B.1 Data analysis

In this section, we describe the methods used to analyze the experimental data. This section

has been reproduced and adapted from the supplementary materials of Ref. [95].

226



Acoustic properties value
Qgp 2m 6.02 GHz
g 11.1 kHz
Iy 27 13.1 MHz
q 4.5 x 10° m~!
Ub,group 826 m/s
Vb, phase 8.4 x 10* m/s

Table B.2: Acoustic parameters

Nonlinear optical properties value
Brillouin Gain
Gg 400 Wim™!
Kerr coefficients
7! 74+ 11 m~IW!
y22 71+ 11 m~'W-!
7&2 = 'yﬁl 4+ 7m WL
TPA coefficients
B 34+ 10 m W1
B2 30+ 9 m1W!
ﬁlQ — ,321 20+ 6 m—lw—l
FCA coefficients
S 900 + 400 m~1W—2
7222 720 + 430 m~ W2
21y 122 310 £ 200 m~ W2

Table B.3: Nonlinear optical parameters
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We use high-resolution heterodyne spectroscopy to characterize the power and linewidth
of the emitted Stokes light. This involves synthesizing an optical local oscillator (LO), which
is 44 MHz blue-detuned from the incident pump field, and combining it with the emitted
Stokes light on a high-speed photo-receiver (see Fig. 3.6A).

Through careful calibration of the detector response and the optical local oscillator
power, these microwave spectra provide an accurate measure of the Stokes power as well
as the optical linewidth relative to that of the pump wave. By simultaneously measuring
the power and the heterodyne beat note from a reference pump wave (beat note produced
by the reference pump wave and the LO), we can calibrate the power spectral density of
the microwave spectrum—thus allowing us to determine the emitted Stokes power. Also,

because the optical LO is synthesized from the pump laser, the heterodyne beat note gives




an accurate measure of the emitted Stokes linewidth when the emitted Stokes spectrum
is broader than the pump laser (below threshold). Above threshold (when the beat note
linewidth is much smaller than that of the pump linewidth), we use the sub-coherence

self-heterodyne technique to characterize the pump-Stokes coherence.

B.1.1 Slope efficiency

In Fig. 3.6C, we plot the Stokes power as a function of injected pump power. The output
(on-chip) Stokes power is determined through a calibrated heterodyne measurement. While
performing this heterodyne spectroscopy, we simultaneously measure the input and trans-
mitted pump powers through the chip. By monitoring the input and transmitted pump
powers and using the racetrack resonator properties analyzed in Section 3 (including cou-
pling and linear loss), we infer the detuning of the pump from resonance and estimate the
intra-cavity pump powers. The data presented in Fig. 3.6C represent the measured Stokes
powers (left y-axis) as a function of intracavity pump power (top z-axis). For comparison,
the bottom z-axis assumes a zero-detuned resonant enhancement factor (~ 1.8), showing
the effective input pump power. The right y-axis indicates the estimated intracavity Stokes

power assuming the intracavity to bus waveguide power conversion factor of 0.0075.

B.1.2 Linewidth measurements

This section discusses the analysis of the data presented in Fig. 3.7C.

Heterodyne measurements

Below threshold, we use standard heterodyne spectroscopy to determine the linewidth of
the phonon field. To avoid spectral distortion due to pump mode hopping, we acquire rapid
spectral traces at different output Stokes powers. We then apply a moving average (with
a bin size smaller than linewidth to avoid distortion) to spectrally smooth the data for
consistent Lorentzian fits. The data presented in Fig. 3.7C are acquired using a resolution
bandwidth of 20 kHz. Above threshold, the phonon linewidths are resolution-bandwidth
limited. To simplify the representation of the data in Fig. 3.7C, we only include spectral

measurements below threshold.
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Sub-coherence self-heterodyne measurements

We determine the excess phase-noise linewidth of the Stokes wave relative to the pump wave
(i.e., phonon linewidth) above threshold using the sub-coherence delayed self-heterodyne
technique discussed in Section 3.5. To do this, we fit the theoretical spectrum (Eq. 3.83)
to the measured spectra; since data for these measurements is obtained using the max hold
functionality, we must be careful to analyze only the spectra that have not been distorted
due to frequency jitter. We extract the phonon linewidth by fitting the power, pump
linewidth, and phonon linewidth to the peak spectral density and the fringe-like portion
of the spectrum (the feature highlighted in Fig. 3.9C), which is most sensitive to phonon
phase noise. This method is only possible at large Stokes powers, where there is sufficient
signal to noise so that the fringes do not become obscured by the noise floor.

As discussed in the Fig. 3.9 caption, instabilities in the fiber delay line of the interferom-
eter add approximately ~ 500 Hz of phase noise to the sub-coherence self heterodyne mea-
surements (obtained from a self-heterodyne measurement using an AOM as the frequency
shifter). Therefore, to get an accurate measurement the phonon phase-noise within the
silicon Brillouin laser, we normalize our sub-coherence self-heterodyne measured linewidths
by subtracting the residual phase noise.

For a comparison with the spectral measurements below threshold (not resolution band-
width limited), we convert the beat-note power into a peak spectral density (z-axis of Fig.
3.7C) by using the fact that the integral of a Lorentzian is proportional to the peak height
multiplied by the width. In this way, we convert the sub-coherence spectrum into an equiv-
alent Lorentzian that has a FWHM given by the measured linewidth and a peak height
given by the peak spectral density. Thus, by dividing the Stokes power by the measured
linewidth (and multiplying by 2/7), we obtain the equivalent peak spectral density used for
this comparison (plotted in Fig. 3.7C).

As discussed, these sub-coherence self-heterodyne measurements demonstrate the pump-
Stokes coherence produced by optical self-oscillation in this system. While these data permit
a measurement of the phonon linewidth and corroborate the regime of dynamics (presence

of fringes and measurements of phonon linewidths below that of the pump, see Section 3.5),
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the data do not yield sufficient precision to clearly determine the linewidth narrowing trend
as function of total Stokes power. To attain the necessary level of precision, this type of
analysis would likely require more sophisticated control of all variables that influence laser
oscillation. Nevertheless, these data establish an upper bound on the phonon linewidths
above threshold and clearly reveal the pump-Stokes phase coherence unique to this limit of

Brillouin laser oscillation.
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Appendix C

Resonantly enhanced amplifier:

system parameters and data

analysis

Optical properties Description Value
L Circumference of the resonator 1.57 cm
W Acoustic membrane width 2.85 um
Ws Optical waveguide width 1.5 pm
FSR; Free spectral range of symmetric mode 5.02 GHz
FSRa, Free spectral range of antisymmetric mode 4.87 GHz
/’l‘i,l Coupling through coupler A into the symmetric mode 0.045-0.16
,uzA’2 Coupling through coupler A into the antisymmetric mode 0.62-0.71
,U’QBJ Coupling through coupler B into the symmetric mode 0.01-0.07
/,L%’Q Coupling through coupler B into the antisymmetric mode 0.007-0.016
o Symmetric spatial mode propagation loss 6.7 m™!
Qs Antisymmetric spatial mode propagation loss 20.6 m~*
Vg,1 Symmetric spatial mode group velocity 7.91 x10” m/s
Vg2 Antisymmetric spatial mode group velocity 7.67 x10” m/s
Qp Brillouin frequency 27 5.95 GHz
r Acoustic dissipation rate 27 9 MHz
Gg Brillouin gain coefficient 380 W—im™!

Table C.1: Experimental parameters of the non-reciprocal resonantly enhanced silicon Bril-

louin amplifier.

In this section, we detail the experimental parameters of the resonantly enhanced Bril-

louin system (Chapter 4) and how they are determined. All parameters in the system are

corroborated by a self-consistent model of the amplifier dynamics. We enumerate these pa-
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rameters in Table C.1. The passive optical properties of the resonator system are obtained
by fitting the transmission spectrum to a multi-spatial-mode resonator model (for more
details, see Supplementary Materials of Ref. [95]). As the couplers A and B are wavelength
dependent, we indicate an approximate range for each coupling coeflicient. The acoustic
dissipation rate is determined by analyzing the Brillouin-gain bandwidths at low intracavity
pump powers. The Brillouin-gain coefficient is extracted by fitting the mean-field model to
our measurements. Altogether, these parameters are in agreement with those previously
obtained in similar device geometries [95].

To determine the degree of net amplification (for Fig. 4.5-4.6), we calibrate the signal-
wave transmission through the resonant system by comparing it to the signal-wave transmis-
sion through a linear device on the same chip (placed 600 um away). Data for Fig. 4.6A-B
were obtained by acquiring traces as the signal-wave detuning (2) is swept through the
Brillouin frequency (2g)) while sweeping the pump power and varying pump wavelength
around the dual-resonance condition (i.e., wp = w3, wp, — B = wi). The data in Fig.
4.6A-B represent the traces obtained with near-zero detuning (wp — 2 — w7). Intracavity
powers are estimated using the passive ring resonator parameters and accounting for the
effects of nonlinear loss (studied in detail in the supplementary information of Ref. [29]);
additionally, this analysis is consistent with the power-dependent nature of the directional

couplers.
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Appendix D

Parameters for optomechanical

cooling

In this appendix we list the relevant parameters for Chapter 8. All of the parameters in
our model are corroborated by independent measurements and simulations (i.e., no fitting
parameters). In this section, we list the important parameters of our system and give an

account of how each is determined.

Parameters Value
L 2.305 cm
Vg1 7.385 x107 m/s
Vg2 7.163 x10” m/s
Akag —4.5 x 10° m™!
0% 27 x 180 MHz
2w x 14.2 MHz
Gy 470 W'm™!
Qgp 2mx 6.02 GHz

L, the length of the system, is simply given by the length of the suspended region of
the device. The group velocities of the symmetric and antisymmetric optical spatial modes
(vg,1 and vy 2, respectively) are determined through racetrack ring free spectral range (FSR)

measurements (see Supplementary Materials of Ref. [95]). The wavevector mismatch be-
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tween the two optical spatial modes (Akas = ko(wp+QB) — k1 (wp)) was found through finite
element simulations. As required by phase-matching, this wavevector mismatch gives the
wavevector of the phonon field (i.e., ¢ = Akas). 7, the optical dissipation rate of the anti-
symmetric optical spatial mode, is given by the linear propagation loss of the antisymmetric
optical waveguide mode (i.e., 7 = vg).

The acoustic dissipation rate (I") is given by the spectral width of the spontaneous Stokes
and anti-Stokes spectra at low pump powers. The Brillouin gain coefficient (Gg) was found
from nonlinear laser spectroscopy measurements presented in Ref. [29]. These measure-
ments were performed on a device of identical dimensions. €, the Brillouin frequency, is
determined through the heterodyne spectroscopy presented in this work.

In addition to these parameters, we use the nonlinear loss coeflicients given in the

supplement of Ref. [29] to determine the average on-chip probe and scattered powers.
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