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ABSTRACT

The Year 2022 marks 100 years since Leon Brillouin predicted and theoretically described the interaction of optical waves with acoustic
waves in a medium. Accordingly, this resonant multi-wave interaction is referred to as Brillouin scattering. Today, Brillouin scattering has
found a multitude of applications, ranging from microscopy of biological tissue, remote sensing over many kilometers, and signal processing
in compact photonic integrated circuits smaller than the size of a thumbnail. What allows Brillouin scattering to be harnessed over such dif-
ferent length scales and research domains are its unique underlying properties, namely, its narrow linewidth in the MHz range, a frequency
shift in the GHz range, large frequency selective gain or loss, frequency tunability, and optical reconfigurability. Brillouin scattering is also a
ubiquitous effect that can be observed in many different media, such as freely propagating in gases and liquids, as well as over long lengths of
low-loss optical glass fibers or short semiconductor waveguides. A recent trend of Brillouin research focuses on micro-structured waveguides
and integrated photonic platforms. The reduction in the size of waveguides allows tailoring the overlap between the optical and acoustic
waves and promises many novel applications in a compact footprint. In this review article, we give an overview of the evolution and develop-
ment of the field of Brillouin scattering over the last one hundred years toward current lines of active research. We provide the reader with a
perspective of recent trends and challenges that demand further research efforts and give an outlook toward the future of this exciting and
diverse research field.
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I. INTRODUCTION AND OUTLINE

The Year 2022 is the 100th anniversary since Leon Brillouin theo-
retically described the interaction between light and sound waves.'
The effect, now known as Brillouin scattering, is one of the strongest
nonlinear optical effects and was observed in multiple different plat-
forms, from kilometer-long optical fibers,” chip-integrated microstruc-
tures” to biological tissue.”

The large variety of platforms explored and developed over
the century of research into Brillouin scattering is a testimony of
the many applications it underpins. Distributed temperature and
strain sensors based on Brillouin scattering are now installed in
critical infrastructure, from bridges to pipelines, tunnels, and sky-
scrapers.” ’ Its impact on optical signal processing and microwave
photonics (MWP) in optical fiber has been demonstrated in many
groundbreaking research demonstrations, and any telecommuni-
cation system needs to consider and mitigate the effects of
Brillouin scattering.”

Recent trends see Brillouin scattering harnessed on chip-scale
platforms. Microscale waveguides engineered to guide acoustic and
optical waves enable new ways to control and manipulate optical sig-
nals in a small footprint.3 On the other hand, micrometer resolution
Brillouin microscopes offer unique insight into the stiffness of cells
and biological tissue.”

This review gives an overview of 100 years of Brillouin research,
from the initial theoretical prediction to current trends and opportuni-
ties. We start with a historical development highlighting the seminal
research papers that serve as the foundation of recent studies. As out-
lined in this introduction, the Brillouin research community is highly
diverse and spans many platforms and applications. For the sake of
structuring this review, we categorized the development of the field
into three themes, which are all ongoing lines of research to the cur-
rent day and are visualized in Fig. 1.

The first theme deals with Brillouin scattering in non-guiding
media that includes initial demonstrations in gases and liquids that
formed the basis for current research in Brillouin microscopy and bio-
medical characterization of biological tissues."**

The second theme covers Brillouin scattering in an optical fiber
that provides long interaction lengths. The low-loss optical fiber plat-
form is the backbone for many of the most mature applications in the
field of Brillouin light scattering (BLS), such as distributed sensing and
signal processing, and is still an active field of research. It has also been
studied extensively in the context of optical communication systems,
where Brillouin scattering was mainly seen as a nuisance for a long
time.”

The most recent third theme can be labeled as Brillouin scattering
in microstructured waveguides. The ability to alter waveguides on a
microscopic level opened the door to tailor the interaction between
optical and acoustic modes, which is interesting from a fundamental
physics point of view but also enables promising applications in a
small footprint.

REVIEW scitation.org/journal/are

As this review lays out the three themes, we cover the differ-
ent platforms explored and developed along the way, as well as
applications. We highlight the performance metrics achieved so far
but also keep an eye on the future and the challenges ahead. At the
end of the review, we give a consolidated outlook of where we see
the field of Brillouin research heading. Given how far the field has
come over the last 100 years and the large community of research-
ers working on Brillouin scattering today, we are filled with antici-
pation with the thought of what the next 100 years will bring.

Il. HISTORICAL DEVELOPMENT OF DIFFERENT
PLATFORMS

The phenomenon of Brillouin light scattering is named after
Leon Brillouin' who described in 1922 the interaction of optical waves
with acoustic waves in a medium. Independently of Brillouin,
Mandelstam conducted similar studies in Russia and published his
description of the scattering process in 1926.”° Consequently, parts of
the literature use the terminology “Brillouin-Mandelstam scattering.”
For the rest of this review paper, however, we refer to the effect as
“Brillouin scattering” or “stimulated Brillouin scattering (SBS)”
depending on whether the scattering process occurs spontaneously or
is stimulated, respectively.

In the most general sense, Brillouin scattering describes the
scattering of an optical wave from an acoustic wave where the
acoustic wave can be a longitudinal pressure/density wave in a
solid, gas, or liquid, an acoustic surface wave, or a transverse
acoustic wave Figs. 2(a) and 2(b).>” When an optical wave is scat-
tered from the acoustic wave, a frequency-shifted optical wave is
generated, called the Stokes wave when lower in frequency than
the pump wave and the anti-Stokes wave when at a higher fre-
quency.”” This process can be stimulated, which leads to an expo-
nential gain of the optical Stokes wave, as shown in Figs. 2(c)-2(f).
Here, a small optical seed that counterpropagates the optical pump
creates an optical beat pattern. The small seed can be a laser cou-
pled from the opposite side into the medium than the pump or
originate from the scattering of the pump from thermal phonons.
When the frequency separation of the pump and the seed matches
the Brillouin frequency shift (BFS) in the medium, then the optical
beat pattern reinforces the acoustic wave via electrostriction,
which, in return, amplifies the seed/Stokes wave via scattering of
the optical pump from the moving acoustic wave. This feedback
can create strong amplification of the initially weak seed/Stokes
wave. The corresponding spectral amplitude response is shown in
Fig. 2(f). In addition to backward Brillouin scattering, an interac-
tion between optical and acoustic waves can also be induced with
co-propagating optical signals; however, the nature of the acoustic
wave is then mainly transverse.

The field of Brillouin research has seen several phases and themes
that can be roughly categorized in the following way:

* Theme 1 started in the 1920s with the first theoretical predic-
tions and early experimental investigations of spontaneous scat-
tering processes and later stimulated Brillouin scattering
processes in liquids, gases, soft matter, glasses, and crystalline
solids.

* Theme 2 started in the 1970s with the study of SBS in the
recently developed low-loss optical fiber that enabled long inter-
action lengths. The research focus lays on developing SBS
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FIG. 1. Development of Brillouin scattering research from its initial prediction until today following seminal research results along the three different themes outlined in the intro-
duction, Brillouin scattering freely propagating, in long length of optical fiber, and in micro-scale waveguides. (a) Leon Brillouin at Solvay conference 1927; (b) reported in Ref.
8; (c) Reprinted with permission from C. V. Raman and C. S. Venkateswaran, Nature 142, 250-250 (1938). Copyright 1938 Springer Nature; (d) reported in Ref. 10; (e)
Reprinted with permission from Chiao et al. Phys. Rev. Lett. 12, 592-595 (1964). Copyright 1964 American Physical Society;" (f) reported in Refs. 12 and 13; (g) reported in
Ref. 14; (h) Reprinted with permission from E. Ippen and R. Stolen, Appl. Phys. Lett. 21, 539 (1972). Copyright 1972 AIP Publishing LLC;' (i) Reprinted with permission from
Hill et al., Appl. Phys. Lett. 28, 608 (1976). Copyright 1976 AIP Publishing LLC;'"® (j) reported in Ref. 17; (k) reported in Ref. 18; (I) reported in Ref. 19; (m) Reprinted with per-
mission from Nikles et al. IEEE J. Lightwave Technol. 15, 1842-1851 (1997). Copyright 1997 IEEE;” (n) Reprinted with permission from Dainese et al., Nat. Phys. 2, 388-392
(2006). Copyright 2006 Springer Nature;*' (0) Reprinted with permission from Song et al., Opt. Lett. 33, 926 (2008). Copyright 2008 The Optical Society;”* (p) Reprinted with
permission from G. Scarcelli and S. H. Yun, Nat. Photonics 2, 39-43 (2008). Copyright 2008 Springer Nature;" (q) Reprinted with permission from Grudinin et al., Phys. Rev.
Lett. 102, 043902 (2009). Copyright 2009 American Physical Society;” () Reprinted with permission from Pant et al. Opt. Express 19, 8285-8290 (2011). Copyright The
Optical Society;** (s) Adopted from Ref. 25; (t) Adopted from Ref. 26; (u) Reprinted with permission from Van Laer et al., Nat. Photonics 9, 199-203 (2015). Copyright 2015
Springer Nature;”” (v) Adopted from Ref. 28; (w) Reported in Refs. 29 and 30, respectively; (x) Reprinted with permission from Remer et al., Nat. Methods 17, 913-916
(2020). Copyright 2020 Springer Nature;”' (y) Reprinted with permission from Yang et al., Nat. Photonics 14, 700-708 (2020). Copyright 2020 Springer Nature;* (z) Adopted

from Ref. 33.
applications as well as mediating and reducing detrimental SBS applications today, such as Brillouin microscopy, remote sensing,
effects in optical data transmission systems. and chip-based signal processing.

* Theme 3 started around 2000 with major research efforts focused
on controlling and harnessing SBS in micro-structured wave- I1l. BRILLOUIN SCATTERING IN GASES, CRYSTALS,
guides and integrated chip-scale platforms. LIQUIDS, AND BIOLOGICAL MATERIALS

The remainder of this review paper will be structured follow- A. The beginnings of the Brillouin scattering research

ing these three broad categories: Brillouin scattering without guid- field

ance, Brillouin scattering in optical fibers, and Brillouin scattering The initial period of Brillouin research, due to a lack of coherent

in micro-structured waveguides. Despite being developed and light sources, focused on spontaneous inelastic scattering of light from

studied successively over time, all have found significant acoustic vibrations. First, experimental observations of inelastic light
Appl. Phys. Rev. 9, 041306 (2022); doi: 10.1063/5.0095488 9, 041306-3
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FIG. 2. (a) Spontaneous Brillouin scattering and phase matching for the Stokes and anti-Stokes wave. (b) Optical pump and spectral response of the Stokes and anti-Stokes
wave. (c)-(e) Stimulated Brillouin scattering. (c) An optical pump interacts in the medium with a counterpropagating seed at the Brillouin frequency shift. (d) When the optical
beat generated by said tones matches the Brillouin frequency shift, electrostriction induces an acoustic wave, (e) which creates a stronger Stokes wave. The now deeper opti-
cal modulation generates a stronger grating. (f) Stimulated Brillouin scattering gain and loss.

scattering from molecular vibrations were reported by Raman in the
19205’ " and demonstrations of Brillouin scattering from acoustic
density waves followed shortly.*”*"**

Today, one distinguishes between Raman and Brillouin scattering
depending on the dynamics of the scattering process, or in other
words, the type of “phonon,” a term introduced by Tamm in the
1930s" to describe fundamental quanta of lattice vibrations, that is
involved in the scattering process.

The pressure waves, which function as scatterers in the case of
backward Brillouin scattering, are termed acoustic phonons and show
a linear dispersion relation in bulk, but can be altered in waveguides.
The molecular vibrations studied in Raman scattering have a flat dis-
persion and are known as optical phonons. Based on the similarity of
the phonon dispersion, forward Brillouin scattering (FBS) is some-
times referred to as Raman-like scattering.”*

The magnitude of the frequency shift of the scattered Stokes wave
depends on the properties of the acoustic wave and hence the elastic
properties of the material. Not surprisingly, one of the first applications of
Brillouin light scattering (BLS) was the characterization of crystal struc-
tures and structural defects'” to complement x-ray diffraction measure-
ments. Spontaneous BLS is still being used extensively in the
characterization of novel glassy and crystalline materials; for example,
perovskite crystals developed specifically for solar energy applications.”*”

A new paradigm in the field of Brillouin scattering, as in many
other fields, started with the development of the laser at the beginning

of the 1960s."° The pristine coherence properties and the high power
levels of the laser enabled researchers, for the first time, to reach the
regime of stimulated Brillouin scattering (SBS)."

The first demonstration of SBS was reported in 1964 in Quartz
and Sapphire crystals,’’ followed by demonstrations of SBS in
liquids'>">** and in gases."* Shortly after, a theoretical description of
the effect was reported by Kroll based on a classical model of electro-
striction and photoelasticity.”’ Tang further expanded Kroll’s theory
taking into account the nonlinear relationship between the coupled
waves, such as saturation.”’ Furthermore, Tang derived an expression
for the strength of the coherent acoustic wave’’ and the first experi-
mental and theoretical investigation of the phonon lifetime was
reported a few years after.””

Figure 1 summarizes conceptual and technological develop-
ments in BLS technology and applications and maps milestone
demonstrations within this fascinating field of research. Broadly,
we separate the evolution of BLS technology and applications into
three themed branches: (1) Brillouin scattering interactions
between freely propagating light and hypersound, (2) BLS guided
in optical fibers, and (3) BLS in integrated photonic circuits and
micro-resonators. Each category will be discussed in detail in the
rest of this review. In Sec. I1I B, we start by focusing on the physi-
cal principles behind freely propagating BLS and its applications
in solids, liquids, and soft matter. Soft matter is an umbrella
term that describes both man-made soft materials such as

Appl. Phys. Rev. 9, 041306 (2022); doi: 10.1063/5.0095488
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polymers (e.g., hydrogels) as well as biological matter such as tis-
sues and cells.

B. Characteristics of freely propagating BLS

Irrespective of the material, the key outputs of any BLS experi-
ment are the Brillouin frequency shift (©2) and the Brillouin linewidth
(I"). The Brillouin frequency shift (BFS) is directly proportional to the
velocity of hypersound waves V as Q = * Vg, where g = #sin ©/2
is the phonon wave number, # is the material refractive index, and ®
is the scattering angle. Traditionally, Brillouin scattering experiments
are set up in a back-scattering geometry; thus, V'is related to the mate-
rial’s p-wave modulus M (also known as the longitudinal elastic mod-

ulus) and the material density p as V = \/M/p. The changes in BFS
can therefore indicate changes in material elasticity, density, or local
refractive index." Compared to solids, biological tissues and cells are
mostly soft and full of water (over 70% of tissues’ content on average).
High levels of hydration are attributed to the low BES in soft matter
compared to solids such as glasses and crystals.”” For example, the cell
cytoplasm has a BFS of 7.6 GHz (when probed with 2 = 532 nm laser
light),”” and dehydrated fibrous components of muscles and tendons
have a BFS in the range of 10-20 GHz,™* which is still significantly
lower than the typical BES in glasses, that is, 25-30 GHz for the same
laser wavelength.

In addition, the Brillouin linewidth I' = 1/7 is inversely propor-
tional to the phonon lifetime and provides an indication of several
material properties, including material heterogeneity and phonon
loss.” Both parameters are of key importance for material science and
help to improve the purity of the material composition as well as opti-
mize energy dissipation of light on interactions with atomic lattice
vibrations.” In soft matter, however, high hydration levels and inter-
actions between solid and liquid phases of a poro-elastic compound
material lead to another important source of energy dissipation that
can broaden the Stokes and anti-Stokes Brillouin lines, namely, viscous
damping. Therefore, in liquids and soft matter, I' often serves as a
measure of local dynamic viscosity #, that is, I" oc 1. Typical widths of
Brillouin peaks in tissues, biological liquids, and gels are from
500 MHz to a few GHz,”>”* depending on the material composition
and structure, which is at least an order of magnitude larger than
Brillouin linewidths found in solid-state crystalline materials
(10-100 MHz).”!

C. Brillouin imaging for 3D micromechanical mapping
of tissues, cells, and biomaterials

The beginning of the 21st century has seen an explosion of inter-
est in imaging technology with the goal to resolve nanoscopic details
of living matter®”’ and the structure of macromolecules,”’ as well as
to characterize optical, chemical and mechanical properties of matter
at once by combining several imaging modalities together.

At the same time, Brillouin light scattering spectroscopy has also
evolved into 3D imaging, known as Brillouin microscopy, through the
optimization of Brillouin spectrometers,””” and their combination
with confocal microscopy systems.” The transition from point mea-
surement spectroscopy to scanning microscopy required an improve-
ment of the measurement speed, which was achieved by transitioning
from fairly slow scanning Fabry—Pérot interferometers’” to motor-free
angled etalons such as virtually imaged phase arrays (VIPAs) for

REVIEW scitation.org/journal/are

detecting the Brillouin signals.”* Such a transition allowed to speed up
the signal acquisition process from tens of seconds to tens of millisec-
onds, enabling fast mapping of tissues and cells, albeit with a loss of
spectral resolution and signal quality.”*”

3D Brillouin imaging has significantly evolved in the past
20years, adopting technologies from telecommunications such as
SBS’® to improve scattering efficiency and from fast optical micros-
copy such as line-scanning Brillouin microscopy.”” Improvements in
imaging speed and signal-to-noise ratio (SNR) enabled in vivo mea-
surements of whole macroscopic organisms, for example, C. elegans,
with the spatial resolution down to cellular level and shot-noise limited
detection.”’ To date, Brillouin micro-spectroscopy and microscopy
have been applied to the full range of biological samples from proteins
and fibrous matrix components,3 *to single cells,” organs and whole
organisms’" as illustrated in Fig. 3.

Despite the striking progress in this field, a number of challenges
remain open and require further research and development. Briefly,
the Brillouin image acquisition speed is still incompatible with live cell
imaging, thus asking for continuing invention and optimization. It is
worth noting that the current record acquisition speed of 2ms per
point is already limited by shot-noise and can no longer be improved
in classical measurement schemes. This limitation demands novel
approaches based on quantum detection using non-classical states of
light”” or breakthroughs in signal processing techniques, for example,
the ones based on compressive imaging where the number of measure-
ment points per sample can be reduced without loss of image quality
through image reconstruction algorithms.”

Another limitation of Brillouin imaging that needs special notice
is related to the spatial resolution of this technology. Because Brillouin
imaging is based on the interactions between photons and phonons,
improvements of the setup to reach optical diffraction-limited imaging
not always pay off as the spatial resolution is fundamentally limited by
the properties of the hypersound wave, such as its attenuation length
and wavelength. For the majority of biological matter, the attenuation
length is above 1 um, exceeding both the sound wavelength and the
optical diffraction limit by a few folds. This phonon attenuation length
imposes a limit on the spatial resolution, as all phonons from the
spherical volume within the radius equal to the attenuation length are
detected in the measurement process.”” Phonon spatial confinement
and phonon resonances can be a way to improve phonon localization
and achieve finer measurement resolution. Some of these ideas will be
discussed further in relation to data transmission and processing in
photonic integrated circuits in Sec. V.

IV. STIMULATED BRILLOUIN SCATTERING IN OPTICAL
FIBER

The first observation of SBS in optical fiber was reported in
1972,"” which was made possible by the development of optical fibers
that could guide light for several kilometers with losses now as low as
0.2 dB/km.” Interestingly in this demonstration, the author described
SBS as a limiting factor for communication systems: “SBS limits the
amount of narrow-band power which one can transmit through a
fiber,” which indicates that from an early stage, SBS was considered as
a nuisance in optical communication systems. The reason for this neg-
ative sentiment is that even moderate continuous wave (CW) pump
powers could reach the SBS threshold and amplify the Stokes wave
traveling in the backward direction.
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In a further study, Smith investigated the Brillouin threshold
in optical fibers for the backward scattering process.”’ This critical
power below which the stimulated Brillouin effect may be
neglected (Brillouin threshold) depends upon the effective core
area, propagation loss, and gain coefficient in optical fibers. Later,
Boyd et al.** derived a theoretical model for what is known as the
SBS generator configuration where SBS is initiated from thermally
excited acoustic phonons and showed how the Stokes linewidth
and intensity are dependent upon the physical properties of the
SBS medium.

The low SBS threshold power was soon utilized to demonstrate
the first Brillouin laser'® using a fiber loop as a laser cavity [see
Fig. 4(a)], followed by the demonstration of the first cascaded
Brillouin laser.” In addition, a very low-threshold all-in-fiber Brillouin
laser with a sub-milliwatt threshold was demonstrated in 1982 by
Stokes et al.*

The Brillouin effect in fiber was further utilized to demonstrate
the first semiconductor laser-pumped Brillouin fiber amplifier in 1987
by Olsson et al®” In this study, a broad-bandwidth Brillouin fiber
amplification was demonstrated by applying a frequency modulation
(FM) to the pump laser. Shortly after that, Lichtman et al. studied the
effect of modulated pump on the SBS threshold and gain.”* In 1992,
Gaeta et al. showed theoretically and experimentally the threshold
required to start a Brillouin oscillation in a cavity and demonstrated
the Stokes linewidth narrowing above the threshold for Brillouin
oscillation.”

From an early stage, SBS was used as a characterization tool for
optical fibers. In 1989, Culverhouse et al. predicted that the Stokes fre-
quency shift can be used as a means for distributed temperature sens-
ing18 [see Fig. 4(b)] and started a new chapter for Brillouin scattering
applications as a sensing mechanism, which is discussed in more detail
in Secs. [V Band IV C.
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While Brillouin distributed sensing is one major driver of fiber-
based Brillouin research and arguably the most mature technology in
terms of commercial adaptation, the research community has started
more and more to appreciate the unique properties of SBS for signal
processing. This realization marks a shift from the initial perception of
SBS as a nuisance in telecommunication systems toward offering a vari-
ety of functionalities for all-optical signal processing to enhance tele-
communications systems as well as microwave photonics. The seminal
demonstration of those processing functionalities in optical fibers, such
as optical”””' and microwave photonic filtering,”> ” all-optical
delays,%’% and microwave photonic phase shifter,””” set the founda-
tion for many of the more recent on-chip demonstrations (outlined in
Sec. V) that offers reduced size, weight, and power consumption, as well
as cost (SWAP-C) through scalable manufacturing processes.

For both fiber and chip-based SBS applications, it is essential to
characterize the Brillouin gain spectrum of the waveguide precisely. In
1997, Nikles et al. published a seminal paper on a pump-probe archi-
tecture based on a single laser and a modulator to sweep one of the
optical sidebands across the Brillouin resonance.”” Precisely, character-
izing the narrow Brillouin gain spectrum via a pump-probe method is
not only essential for calibrating optical fiber sensors but also to char-
acterize the narrowband Brillouin response of different on-chip wave-
guide designs and material platforms and can nowadays be considered
a “gold-standard” measurement.

The intrinsic narrow linewidth of SBS was identified as a power-
ful tool for microwave photonics (MWP), the research field that aims
to process microwave signals by first transducing and then processing
the microwaves in the optical domain.'”’ Performing the signal proc-
essing in the optical domain offers great advantages in terms of band-
width compared to the electronic domain; however, it often requires
very fine-resolution optical signal processing techniques to act on the
optical carrier or sidebands to manipulate the signals, which is chal-
lenging. The narrowband amplitude and phase response of the SBS
gain and loss resonance, and the fact that it is tunable via the optical
pump, make SBS a prime candidate for performing signal processing
in the optical domain. Different MWP filter functionalities from,
bandpass to bandstop and narrowband notch filters,””” as well as
broadband MWP phase shifters”””” have been demonstrated in optical
fiber [a phase shifter is shown in Fig. 4(d) as an example for Brillouin
MWP applications in optical fiber].

It was recognized that SBS could not only be used to manipulate
microwave signals but also to efficiently generate stable microwave sig-
nals. In essence, all-optical approaches to generating microwave sig-
nals rely on beating two optical tones on a photodetector to generate
the desired microwave tone. Brillouin scattering has been used in dif-
ferent configurations that, broadly speaking, can be summarized in
two different categories: an optical pump generates a second (or more)
optical tones via SBS that beat on a photodetector, as, for example, in a
Brillouin fiber laser approach.'”' ' The alternative approach relies
on SBS as a filter that selects the optical tones that beat on the photo-
detector; this could either be in conjunction with an optical frequency
comb'” or as an active filter in an optoelectronic oscillator (OEQ).””
A stable microwave tone generated by the Brillouin OEO is shown in
Fig. 4(c).

In 2005, it was realized that Brillouin scattering in optical fiber
could be used to delay optical signals.”*”” As often in the history of sci-
entific discovery, the effect was reported almost simultaneously by two
independent research groups. The realization that optical signals can
be slowed down, an effect commonly referred to as “slow-light,” at
room temperature utilizing off-the-shelve telecommunications com-
ponents presents an important step toward the realization of an optical
buffer that could avoid the electronic to optical conversion. However,
it was soon realized that SBS slow-light has a limited time-bandwidth
product and can only delay a small number of optical bits'”” and is
limited by pulse distortions.'**'"”

In the following years, researchers pursued different approaches
to overcome the limitations of slow-light. In 2007, Zhu et al. reported
light storage based on SBS.”® In this approach, the optical data pulses
are not slowed down by the dispersive phase slope of the SBS reso-
nance but are rather transferred to the acoustic wave via the resonant
interaction between the optical data pulse and a second optical pump
offset by the Brillouin frequency shift. Quasi-light storage (QLS) offers
an alternative approach, where the optical data signal gets sampled by
a frequency comb where SBS plays the role of achieving an optical
convolution of the two signals, which leads to a train of copies of the
signal in the time domain.'” """ A different approach to delay signals
using SBS harnesses the dynamic grating created in the SBS process as
an optically induced Bragg reflector in an optical fiber.""" "> The
amount of delay is given by the position in the fiber at which the opti-
cal pump pulses that induce the grating meet.
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A sometimes overlooked property of SBS is its sensitivity and
interplay with the polarization of the two optical waves involved in the
SBS process. In fact, the effects of the polarization of the optical waves
in the Brillouin process have been known since the early experiments
in optical fiber when Stolen reported in 1979 an increase in the
Brillouin gain of a factor of 2 when linear polarization of the optical
waves is maintained along the fiber.'"* Over the following decades, the
effect of polarization on SBS was investigated in different fiber types,
from standard single mode,''™''® to different types of birefringent
fibers,"'” and Brillouin laser conﬁgura‘[ion.118 In 2008, Zadok et al.
presented a vector analysis of SBS in the presence of birefringence.'"”
More recently, it was shown that SBS can be used for all-optical polari-
zation control in a wavelength-selective manner.'”’

The polarization effects of SBS were harnessed to enhance optical
filters'”" that were also used in optical spectrum analyzers based on
SBS.'**'** Brillouin optical spectrum analysis, known as BOSA, offers
unprecedented resolution compared to traditional grating-based spec-
trum analyzer” and was successfully commercialized.'”* A high-
resolution spectrum measured via BOSA is shown in Fig. 4(e). The
performance of the Brillouin-based spectrum analyzer has been
increased to reach the sub-MHz regime by utilizing Brillouin dynamic
gratings."”” More recently, it was shown that the polarization effects of
SBS combined with interference can lead to very narrow spectral dips
within the Brillouin gain resonance in twisted birefringent fiber,' ° as
well as standard single-mode fiber.'*”

A. SBS in telecommunications

The early realization of SBS being a potential hindrance turned
out to be a significant challenge in communication systems, with
major research efforts undertaken to mediate or suppress SBS.'** "%
Different approaches were pursued by scientists and range from the
development of specialty fiber'™ to applying heat and stress gra-
dients**"*” along fiber spools. Other techniques are based on pur-
posely jittering the optical pump'*’ or periodically interrupting the
fibers with isolators'*" to avoid the build-up of the Stokes wave.

Recently, however, researchers have started investigating the
potential benefits of harnessing SBS in communication systems. In
particular, in densely packed wavelength multiplexed systems, the abil-
ity to provide narrowband amplification offers great benefits."*>'*
Multiple fiber- and chip-based demonstrations have shown improve-
ments in system performance using SBS for optical carrier recovery. In
optical carrier recovery, SBS is utilized as an active and narrowband fil-
ter at the receiver side of a communication system to trace actively
and filter the optical carrier, which then can be used as a local oscilla-
tor to demodulate the signal. **'*’

In addition to the narrow bandwidth of the SBS gain to select
optical carriers, the optical tunability across the whole telecommunica-
tion band in a continuous way makes it particularly useful for emerg-
ing wavelength multiplexed systems that are utilizing optical
frequency combs. In those wideband systems, however, the dispersion
of the Brillouin frequency shift is starting to play a significant role,
which causes a detuning from the center of the Brillouin resonance for
separate frequency comb lines. A solution to this problem was shown
recently by Ref. 148 who demonstrated that broadening the SBS filter
response overcomes the issue of frequency detuning due to the disper-
sion of the Brillouin frequency shift.

REVIEW scitation.org/journal/are

B. Distributed sensing using backward Brillouin
scattering

Brillouin scattering has long been used for distributed sensing,
and given the growth of this area of SBS research, the level of maturity
the technology reached, and its commercial importance, we provide a
dedicated section to distributed Brillouin-based sensing that gives an
overview of different techniques developed over the years. Since
Brillouin is an inelastic scattering process, environmental changes
such as temperature and strain directly affect the Stokes wave’s proper-
ties. Therefore, frequency shift, intensity, and linewidth of the Stokes
and anti-Stokes waves can be used for sensing strain, temperature, and
the surrounding medium along an optical fiber.

Temperature-dependent Brillouin scattering was studied as early
as 1989,'° and in 1990, Brillouin distributed measurements of tem-
perature and strain were reported by Kurashima et al'*’ and
Horiguchi et al.'®” Bao et al."” and Nikles et al.'"* were also among
the first to report distributed Brillouin sensing in optical fibers.

A common technique for distributed Brillouin sensing is based
on time of flight, in which optical pulses are launched into the fiber
and variations in the Brillouin frequency shift caused by environmen-
tal changes are measured as a function of time.'®” Both stimulated and
spontaneous Brillouin scattering can be utilized in this way for distrib-
uted sensing along the fiber. The approach based on spontaneous
Brillouin scattering is favorable in certain situations since it only
requires access to one end of the fiber and is known as Brillouin optical
time domain reflectometry (BOTDR).'**'*” The spatial resolution
using this technique, however, is limited to around 1 m, which is dic-
tated by the phonon lifetime in optical fibers (10 ns).”"”"

Time-domain distributed sensing based on the stimulated
Brillouin process is called Brillouin optical time domain analysis
(BOTDA)."*”°*1* BOTDA has, in principle, the same limitation in
terms of minimum optical pulse width as BOTDR imposed by the
phonon lifetime;"”" however, different modified time domain techni-
ques have been developed over the years to improve spatial resolution
and measurement range significantly. A modification of BOTDA
allows for higher spatial resolution (<1m), called Brillouin echo-
distributed sensing (BEDS), ”*'**'*” by pre-exciting acoustic waves in
the medium via a long pump pulse and therefore overcoming the limi-
tation set by the phonon lifetime/build-up time. A sudden change in
amplitude or phase of a delayed CW pump creates a highly localized
Brillouin scattering response.”'*” Several demonstrations based on
this pre-excitation technique successfully achieved spatial resolution
beyond the limitation of the phonon lifetime.'”>'""'”

Key performance criteria for distributed sensing systems include
spatial resolution, measurement range, and the number of resolved
points, as well as measurement time, frequency measurement accu-
racy, and signal-to-noise ratio (SNR). A trade-off exists between those
performance metrics since improving one attribute often comes at the
expense of deteriorating another; for example, a higher spatial resolu-
tion often means a weaker signal, shorter measurement range, and
lower SNR. An expression for measurement accuracy and figure-of-
merit based on performance criteria for BOTDA-based sensors is dis-
cussed in Ref. 173, while Ref. 7 looks into additional factors such as
effects of random birefringence on measurement uncertainty.

Table T lists some of the techniques and advancements of time-
domain distributed sensing, focusing on measurement range and spa-
tial resolution. We note that this list intends to provide the reader of
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TABLE I. Evolution of time-domain sensing techniques.

REVIEW
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Reference Technique Spatial Res. Measurement range No. of resolved points”
163 BOTDA 100m 2km 20
149 BOTDA 100m 1.2km 12
166 BOTDR 100m 11.57 km 115
176 Raman-assisted BOTDR 15m 50 km 3333
177 Simplex-coded BOTDA Im 50 km 50000
178 Dual-tone probe BOTDA 2m 100 km 50000
179 Time-division multiplexing-based BOTDA 2m 100 km 50000
180 Frequency-division multiplexing BOTDA 2m 150 km 75000
181 Double-pulse BOTDR 20cm 1km 5000
171 Brillouin dynamic grating lcm 20m 2000
152 Dark-pulse BOTDA 5cm 100 m 2000
154 BEDS 5cm 5km 100000
182 Differential BOTDA 15cm 1km 6666
183 Differential BOTDA lcm 10 km 1000 000
184 Pulse coding BOTDA 40m 21km 525
185 Simplex-coded BOTDA 3m 120 km 40000
186 Phase and amplitude coding BOTDA 2cm 2.2km 110
187 Genetic optimized BOTDA 2m 39km 19 500
188 Slope-assisted BOTDA 1.5m 85m 56
189 Slope-assisted BOTDA 2.5m 2km 800

*When not mentioned directly in the reference, “No. of resolved points” is evaluated as measurement range/spatial resolution.

this review on Brillouin scattering with an initial overview and
cannot fully represent the massive amount of work that has been
carried out in this domain over the years; for that, the reader is
referred to the specialized literature, for example, Refs. 7, 174, and
175. The historical evolution of BOTDA-based sensors, perfor-
mance advancements, and figure of merits are presented, for exam-
ple, in detail in Ref. 173.

In addition to the above-described time domain sensing
schemes, techniques based on Fourier analysis were proposed and
demonstrated and are now known as Brillouin optical frequency
domain analysis (BOFDA)."” Here, a Brillouin response over time
is obtained by applying a variable intensity modulation to the opti-
cal source.'”’

Brillouin optical correlation domain analysis (BOCDA) is
another variation of distributed Brillouin sensing based on a low-
coherence optical source. In this technique, the spatial resolution of
the Brillouin response (Az) is defined by the coherence time (At) of
the source: Az = At - ¢/neg, where c is the speed of light and neg is
the effective refractive index of the medium.'”” BOCDA was first dem-
onstrated by Hotate and Hasegawa based on a frequency-modulated
optical source.'”>'”” For this technique, the measurement range is lim-
ited by the periodicity of the frequency modulation applied to the
pump and probe. Random phase coding of the pump and probe first
reported by Zadok et al.'”” increased the measurement range beyond
this restriction with a reported spatial resolution of 1 cm over 40 m of
optical fiber. Later, this technique was used to map the non-
uniformity of microwires.'”* Further improvements in terms of noise
reduction were achieved by synthesizing the auto-correlation function

to suppress off-peak Brillouin interactions from contributing to the
BOCDA response.'”” A combined time-domain and correlation-
domain approach has improved sensing range while reducing the
effect of off-peak Brillouin interaction.””'”” Using a time and correla-
tion domain hybrid approach achieved a measurement range of 17 km
with a spatial resolution of 8 mm."””

Another interesting distributed sensing approach relies on
Brillouin dynamic gratings (BDG), refractive index gratings generated
by SBS in one polarization to Bragg reflect an optical wave in the
orthogonal polarization.””'”* The temperature and strain dependency
of the fiber birefringence makes BDGs a powerful distributed sensing
mechanism.'””**’ Simultaneous measurement of temperature and
strain in a polarization-maintaining fiber has been demonstrated using
BDGs™' and 1-cm spatial resolution over 20m of optical fiber has
been achieved using this technique.'”" Simultaneous measurement of
temperature and strain using spontaneous Brillouin scattering has
been shown in 1997 by Parker et al.”"”

Figure 5 shows an overall improvement in spatial resolution
while also considering the achieved measurement range. This plot
indicates the trade-off between those two parameters of a distrib-
uted sensing system; as we move toward higher spatial resolution,
the measurement range becomes, in general, shorter. It should be
noted that the plot only shows a selection of references and cannot
represent the whole field of distributed Brillouin sensing. The
selected references represent an overall trend in the research field
toward improving one of the key metrics of a distributed sensing
system—spatial resolution. It illustrates the general progress of the
field toward resolving smaller spatial features, be it for Brillouin
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FIG. 5. Evolution of spatial resolution and measurement range over time for selected distributed Brillouin sensing demonstrations based on time domain and correlation domain tech-
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microscopy (Sec. ITI C) as described earlier or the small on-chip
structures described later in this paper (Sec. V). For a more in-
depth discussion of Brillouin-based fiber sensors beyond this
paper, the reader is referred to comprehensive literature reviews
by, for example, Bao et al.,” Motil et al.,"””* and Dong.175

C. Distributed sensing using forward Brillouin
scattering

A new regime of Brillouin scattering in optical fiber was discov-
ered by Shelby et al. in 1985.”"" This type of Brillouin scattering utilizes
transverse acoustic waves propagating from the center of the fiber
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toward the cladding and scatter optical waves traveling inside the fiber
core. The frequency shift resulting from this interaction is on the order
of MHz and can be detected in the forward direction (optical pump
and probe wave are co-propagating). This class of Brillouin scattering
is called guided acoustic wave Brillouin scattering (GAWBS) or for-
ward Brillouin scattering (FBS).

The unique properties of FBS allow sensing the surrounding of
standard optical fiber. In this sensing technique, the transverse acous-
tic modes resonating between the core and the cladding boundaries
are affected by the properties of the media surrounding the cladding,
affecting the acoustic resonances’ linewidth.””**"> Only relying on
standard optical fiber has certain advantages over substance detection
schemes based on backward Brillouin scattering, which usually rely on
specialty fibers like microfibers*”® and photonic crystal fibers.”””**’

Several techniques have been proposed and experimentally dem-
onstrated that the use of FBS as a distributed sensing technique based
on the combined effect of OTDR*"* and BOTDA”" with reported spa-
tial resolution of 100 m over 3km and 15m over a 730 m of optical
fiber, respectively. Other techniques with improved spatial resolution
include broadband BOTDR-based”'” and BOTDA-based”'" techni-
ques, with spatial resolution of 8 and 6 m, respectively. A more recent
technique utilizes time-varying phase modulation (serrodyne modula-
tion) and achieved a spatial resolution of 2m over 500-m-long fiber
with 250 resolved points.”'* Recently, a direct measurement technique
for FBS was proposed and experimentally demonstrated sensing of
substances outside of standard polarization-maintaining fiber with a
spatial resolution of 60 m and 1.1 km range.”'>*"*

V. MICROMETER-SCALE WAVEGUIDES AND CHIP-
SCALE PLATFORMS

A new paradigm in SBS research started in the early 2000s with
the observation of SBS in microstructured fibers and on-chip wave-
guides.” For the first time, researchers could directly study and tailor
the effect of waveguide geometry on the SBS gain, which is determined
by the overlap integral between the guided optical and acoustic waves.
This theme of SBS research is exciting as, on the one hand, it can lead
to new scientific insight into the interplay of optical modes with travel-
ing acoustic modes, and, on the other hand, it gives access to a tailora-
ble strong nonlinear gain and loss process in a small footprint that can
lead to many new applications in nano- and microscale photonics
(which will be further discussed in Sec. V).

Forming a deeper understanding of the fundamental interactions
between light and sound has drawn a lot of interest in recent years in
the context of optomechanical cavities that aim to address fundamen-
tal scientific questions, for example, the observation of quantum effects
in macroscopic systems.”'* "' With the focus on microscale SBS
interactions, rather than long interaction lengths present in optical
fibers, we now see a convergence of the fields of optomechanics and
Brillouin scattering.”*” Inducing strong SBS in microscale waveguides
requires careful consideration of the guidance mechanism of the opti-
cal, as well as the acoustic mode to ensure a strong mode overlap.””” It
also necessitates a deeper investigation of the optical forces involved in
the generation of the acoustic waves, such as bulk electrostrictive
forces, and their interplay with boundary forces, such as radiation
pressure, 21323

The first demonstration of SBS in a micro-structured waveguide
was achieved in photonic crystal fibers in 2006, which were just

REVIEW scitation.org/journal/are

developed at that point.””>**® Those fibers guide light by surrounding
the fiber core with holes that provide spatial confinement of the optical
mode in the transverse direction. The core of those fibers can be very
small, which leads to a high concentration of optical energy (tight con-
finement) of the optical and acoustic waves and hence an enhance-
ment of the Brillouin gain. Also, direct effects of the waveguide
dimension on the measured Brillouin spectral response can be
observed, and multiple spectral features were reported."**”” First,
investigations of spectral features in the Brillouin response due to dis-
crete phonon modes date back to the 1970s, when they were observed
in thin films.””***

Both types of Brillouin scattering, forward and backward, have
been observed in the small core of photonic crystal fiber (forward
Brillouin scattering is sometimes also referred to as Raman-like scat-
tering due to its flat acoustic dispersion that resembles the shape of the
dispersion curve for Raman scattering'*). Building on those initial
demonstrations more experimental and theoretical studies on
Brillouin interactions in photonic crystal fibers followed.”*****

With the development of nanofabrication technologies and low-
loss waveguides on a chip, the field of Brillouin scattering embraced
the shift from fiber to integrated chip-scale platforms.” Two parallel
trends for chip-scale platforms emerged: (1) SBS in high-Q resonators
with precise control over the resonator dimension to enable SBS
enhancement, and (2) low-loss on-chip waveguides that guide both
optical and acoustic modes. In Secs. V A~V E, we provide an overview
of the different on-chip waveguide architectures, as well as different
material platforms for forward and backward SBS. In addition to more
established platforms based on materials such as silicon and chalco-
genide, we will also look at emerging waveguide materials and novel
methods of actuating a Brillouin response on a chip, such as interdigi-
tated transducer (IDT). An overview of the different platforms is
shown in Figs. 6-9.

A. SBS in chalcogenide waveguides

The first observation of large Brillouin gain in a planar waveguide
on a chip was reported in 2011 by Pant et al.** in chalcogenide As,S;
rib waveguides [photograph and scanning electron microscope image
of the chip shown in Fig. 6(a)]. The waveguide had a cross-section of
4 pm by 850 nm and a Brillouin frequency shift, linewidth, and gain of
7.7 GHz, 34 MHz, and 16 dB, respectively, were observed. To achieve
large SBS gain on a length scale of cm to tens of cm, waveguides need
to fulfill several requirements, such as low optical loss, small mode
area, decent optical power handling without nonlinear losses, and,
importantly, guidance of the optical and acoustic modes to ensure a
large acousto-optic overlap.z‘” To this end, As,S; waveguides are com-
monly surrounded by a silica cladding that ensures a larger optical
refractive index in the core than the cladding but also a lower sound
velocity and hence guidance of the acoustic mode via total internal
reflection (in analogy to the optical mode case).””

The acoustic confinement is a key factor for achieving large SBS
amplification, and gain values of up to 50dB on a chip have been
observed.””** In contrast, directly laser-written chalcogenide wave-
guides only show small Brillouin gain values”' which highlights again
the importance of the acoustic guidance. In addition to the larger
mode field diameter due to lower refractive index contrast, directly
laser-written chalcogenide waveguides do not possess a large acoustic
impedance mismatch between the core and the cladding, which leads
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39, 5048-5053 (2021). Copyright 2021 IEEE.*'® (c) Reprinted with permission from Morrison et al., Optica 4, 847 (2017). Copyright 2017 The Optical Society.

not only to low Brillouin gain but also a widened Stokes linewidth.””'
The observed linewidth of the Stokes wave is inversely proportional to
the acoustic lifetime in the waveguide. Those results show that to
achieve high Brillouin gain on a chip the core material and surround-
ing cladding material matter.

The largest reported on-chip SBS gain was in As,S3 chalcogenide
glass surrounded by silica, and hence the majority of on-chip applica-
tions that utilize SBS have been based on backward SBS in this wave-
guide architecture (see Sec. VI). Resonant enhancement of the
Brillouin gain in those waveguides allowed cascading of the Brillouin
process to many higher orders,'”” and it could have been shown that
the cascaded Stokes waves are phase-locked.”””

More recently SBS has been reported in other chalcogenide com-
positions, such as GeysSbioSes [Fig. 6(b)].”"” The main motivation
behind finding new chalcogenide compositions that support SBS is, on
the one hand, to replace carcinogenic elements like Arsenic that need
to be handled very carefully during the fabrication process, and, on
the other hand, to increase the melting temperature of the softglass
composite to enable chemical vapor deposition (CVD) of the silica
cladding. Using CVD to deposit the silica cladding promises higher
silica film quality and hence lower propagation loss. The reported
Brillouin frequency shift, linewidth, and gain coefficient of
Gey58b19Ses waveguides with silica cladding are 7.4 GHz, 48 MHz,
and 338 m~! W1, respectively. The values are similar to what was
achieved previously in As,S; but with a slightly lower SBS gain
coefficient.

Whereas chalcogenide waveguides have the advantage of large
Brillouin gain, they lack the availability of active components provided
by standard manufacturing foundries based on silicon photonics. To

16

this end, hybrid integration of chalcogenide waveguides with silicon
photonic circuits was proposed and demonstrated”'® to get the best of
both worlds [Fig. 6(c)]. This early demonstration showed a transition
from a silicon waveguide using a taper into a chalcogenide waveguide
that provided more than 20 dB on-off gain and 18.5 dB net gain.

Another hybrid integration SBS platform that takes advantage of
different material properties is chalcogenide glass on a germanosilicate
film.”'” Here, light is coupled into germanosilicate and is then trans-
ferred to a chalcogenide waveguide via a vertical taper structure [Fig.
6(d)]. Germanosilicate waveguides are mode matched to the coupling
fibers and hence improve coupling efficiency and, at the same time,
greatly reduce back reflections from the pump laser at the facet of the
chip. Due to the counter-propagating nature of the pump and the
probe for backward SBS, those back reflections can cause distortions
of the usually much weaker probe and often requires very narrowband
filters.

B. SBS in silicon

Silicon is an attractive material for photonic integration due to
the existing infrastructure developed over decades for the integrated
electronics industry. Hence, inducing SBS in silicon is enticing as it
promises access to large-scale fabrication facilities and the most
mature library of components offered by major semiconductor foun-
dries. However, observing SBS in standard silicon-on-insulator (SOI)
waveguides turned out to be challenging due to the high stiffness of sil-
icon relative to the silica substrate, which means that the sound veloc-
ity in the silicon core is larger than in the surrounding substrate and
the acoustic mode leaks away from the waveguide core.
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A way to salvage SBS in silicon was proposed by Rakich and co-
workers, who predicted theoretically strong SBS in suspended silicon
waveguides with small cross sections via the interplay of bulk and
boundary forces.””* The combination of radiation pressure, electro-
strictive bulk forces, and the high intensity due to the small effective
area promises a giant enhancement of the Brillouin gain in those sus-
pended silicon waveguides.

The challenge this theoretical finding posed to experimentalists
was how to make a silicon waveguide that is removed from the sub-
strate. In the wake of the theoretical predictions, many different
approaches were pursued to suspend silicon waveguides from the
underlying substrate (examples of suspended silicon structures that
support SBS are shown in Figs. 7(a) and 7(b). Broadly speaking, those
silicon SBS waveguides are either supported by a thin pillar along their
length”” or supported laterally.”” **°

The first demonstration of forward Brillouin scattering in silicon,
however, was not shown in a simple suspended silicon nanowire as
suggested by the theory but rather in a hybrid membrane structure
made out of a suspended silicon waveguide that guides the optical
mode, with silicon-nitride wings attached to the side to provide guid-
ance to the acoustic mode and ensure a large overlap between the opti-
cal and acoustic mode in the waveguide core.””” The forward Brillouin
frequency shift could be tailored from 1 to 18 GHz in those waveguides
and a Brillouin gain coefficient of around 2570+540 W' m~! could
be observed.””

The first demonstration of forward Brillouin scattering in a sus-
pended waveguide purely made of silicon followed shortly.”” The
structure consisted of silicon nanowires that were supported along
their length by a several nm wide silica pillar. Suspending the wave-
guide greatly reduced leakage of the acoustic mode and it was shown
that a narrower pillar structure leads to better confinement. The
reported on-off gain in those silicon nanowires was around 0.6 dB
despite a Brillouin gain coefficient of above 3000 W~1m 1. The main
limitation for the SBS on-off gain were nonlinear losses caused by
two-photon absorption and free-carrier absorption that limited the
coupled pump power to around 25 mW.”"*’

scitation.org/journal/are

After the initial demonstrations that forward Brillouin scattering
can indeed be induced in silicon waveguides, major research efforts
focused on increasing the achievable on-off gain with the target of
achieving net amplification. To this end, different platforms were put
forward and the first structure that achieved net gain, even though only
a modest amount of 0.5 dB, was a series of 25 um long fully suspended
silicon nanowires that were periodically supported by 4.6 um anchors.””*
The first silicon waveguide structure to achieve significant net gain of
around 5 dB in silicon was a silicon rib waveguide on a suspended mem-
brane [shown in Fig. 7(b)].*” In addition to being fully made of silicon
as opposed to the hybrid silicon-silicon nitride membrane described ear-
lier, the cross-section of the rib waveguide was with a height of 210 nm,
an etch depth of 80 nm, and a width of 1 ym significantly larger than in
previous demonstrations. The larger waveguide reduced the linear losses
to below 0.2dB/cm and significantly reduced the effects of nonlinear
losses, which were a limiting factor in previous demonstrations in sili-
con.””**"**? A further increase in net gain was achieved by resonantly
enhancing the Brillouin response.””* Here, the silicon rib waveguide
shown in Fig. 7(b) was wrapped into a racetrack resonator with two
Brillouin active regions of around 7.5 mm length along the two parallel
long sides of the elliptical racetrack. With this structure, net amplification
exceeding 20 dB could be achieved.”"* A longer version of the racetrack
resonator formed the basis of a Brillouin laser in silicon.”” Other silicon
structures that utilize resonant enhancement to achieve Brillouin gain in
silicon are so-called bullseye optomechanical resonators.”*® The optical
and acoustic modes are guided around the perimeter of the structure.
Mechanical Bragg gratings that consist of concentric rings etched into
the silicon membrane ensure guidance of the acoustic mode.

More recently, SBS research in silicon goes beyond the interac-
tion of the fundamental optical mode in a single waveguide, and
inter-modal interactions””® as well as acoustic interactions across two
waveguides [see Fig. 7(0)],>* and a combination of both have been
reported.”®” It was shown that in two silicon waveguides in close prox-
imity connected via a patterned silicon nitride membrane, a transverse
acoustic wave can modulate probe light in the other waveguide; this
structure is referred to as photonic-phononic emitter-receiver

Silicon waveguides
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Forward Brillouin Scattering )

Hybrid
emit-receive circuit
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FIG. 7. Overview of different chip-based silicon platforms that support forward Brillouin scattering. (a) Suspended silicon waveguide on pillar.”” (b) Suspended silicon rib wave-

quide.”” (

¢) Hybrid photonic—phononic emitter—receiver structure [scanning electron microscope (SEM) image and conceptual diagram].

4 (a) Reprinted with permission from

Van Laer et al., Nat. Photonics 9, 199-203 (2015). Copyright 2015 Springer Nature.”’ (b) Reprinted with permission from Kittlaus et al., Nat. Photonics 10, 463-467 (2016).

Copyright 2016 Springer Nature.”
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(PPER). The patterned silicon nitride membrane acts as a Bragg reflec-
tor for the acoustic wave and allows independent control of the optical
and acoustic mode and the acoustic coupling between two wave-
guides.””* A monolithic silicon version of this PPER was later shown
as the basis of RF filters”*® and two silicon rib waveguides without the
Bragg patterning formed the basis of an on-chip isolator.””” In addi-
tion to the PPER structure, the isolator also relied on Brillouin-
induced mode conversion from the fundamental to a higher order
optical mode. Inter-modal Brillouin scattering itself was achieved just
prior in a single suspended silicon rib waveguide combined with inte-
grated mode multiplexers.””

C. SBS in high-Q resonators

As we have seen in Secs. V A and V B, the Brillouin response can
be significantly enhanced in a resonator structure. In this section, we
discuss different high-Q resonator structures that support SBS, focus-
ing on structures that are integrated on a chip. As the Brillouin fre-
quency shift is in the GHz to tens of GHz and its narrow linewidth in
the MHz to tens of MHz, fabricating a resonator with the matching
free spectral range (FSR) posed a major challenge.

The first demonstration of SBS in a high-Q resonator was
reported in 2009 in a CaF, resonator where the FSR was matched to
the Brillouin frequency shift.”” The loaded Q-factor of the resonator
was around 4 x 10° which enabled Brillouin lasing with a threshold as
low as 3 uW. Shortly after this initial demonstration, SBS was observed
in small silica fiber tip resonators with a diameter of around 100 xm
by exploiting higher order optical modes.”*’

The first demonstration of SBS in a resonator fabricated on a
chip using nano-lithography techniques was reported in a silica wedge
resonator in 2012 that had a Q-factor of 875 x 10°.””° This platform
was further developed to increase compatibility with scalable fabrica-
tion techniques and ease of coupling into the resonator, and a new

design that includes a SiN bus waveguide was put forward and experi-
mentally demonstrated”®' [see Fig. 8(a)].

In addition to high-Q resonators made of silica, other materials
have been explored that can provide high-Q, and hence, a low
Brillouin threshold integrated on a chip. One material that shows a lot
of promise due to its low loss is silicon nitride Si3Ny ™% [see Fig. 8(b)].
Interestingly, the acoustic mode in this structure is not well guided.
The observed Brillouin shift of 10.93 GHz is determined by the silica
that surrounds the Si3 N, and the observed Brillouin gain bandwidth
of 153 MHz attests to the leaky nature of the acoustic wave. However,
due to the high loaded optical Q-factor of 28 x 10, Brillouin lasing
was observed for around 10 mW on-chip optical pump power and
laser linewidths below a Hertz have been measured.

The resonator structures discussed so far were using materials
like silica and SizNy that provide very low optical loss but have not
necessarily the largest Brillouin gain coefficient. In the case of the
Si3Ny resonator, the acoustic wave is not even very well guided.
Another approach that was recently demonstrated forms a resonator
of highly nonlinear materials like chalcogenide glass As,S;"* [see Fig.
8(c)]. The main challenge here is to reduce the propagation loss of the
chalcogenide waveguide, usually caused by sidewall roughness induced
in the etching process. The solution proposed and demonstrated in
Ref. 263 is depositing chalcogenide glass on top of a trapezoid silica
waveguide ring. Using this technique, a Q-factor of 1.44 x 107 and a
Brillouin laser threshold of 0.53 mW could have been demonstrated.

D. Emerging material platforms

Recently, the field has seen the emergence of new waveguide
materials for on-chip SBS that go beyond the so far discussed chalco-
genide glasses and silicon waveguides that might provide optical
amplification, very low waveguides losses, or even larger Brillouin gain
coefficients. One exciting material is silicon nitride, as it offers ultra-

Appl. Phys. Rev. 9, 041306 (2022); doi: 10.1063/5.0095488
© Author(s) 2022

9, 041306-14


https://scitation.org/journal/are

Applied Physics Reviews

REVIEW scitation.org/journal/are

G) Emerging material platform} [

(a) Optical intensity (b) Acoustic displacement

AlGaAs

Probe beam

(a) SisN; waveguide
SiO, cladding
Si substrate

Pump beam

SiN waveguides

- J

b) Brillouin interactions driven via Transducer \

Free edge reflector

si0,

Optical
waveguide T~

FIG. 9. (765) Emerging material platforms for Brillouin scattering such as AlGaAs*’®

A|N274—2

and SiN waveguides,”’" and (b) alternative approaches to excite acoustic waves on a chip in
or silicon.”’"*"® [(a), top] From Jin et al., Conference on Lasers and Electro-Optics. Copyright 2020 The Optical Sociegy. Reprinted with permission from Optical
Society.”” [(b), bottom left] Reprinted with permission from Liu et al., Optica 6, 778 (2019). Copyright 2019 The Optical Society.” [(

b), top right] Reprinted with permission

from Van Laer et al., APL Photonics 3, 086102 32018). Copyright 2018 AIP Publishing LLC.”” [(b), top left] Reprinted with permission from Sohn et al., Nat. Photonics 12,
91-97 (2018). Copyright 2018 Springer Nature.”” [(b), top center] Reprinted with permission from Otterstrom et al., Science 360, 1113-1116 (2018). Copyright 2018 American
Association for the Advancement of Science.”” (b) Reprinted with permission from Kittlaus et al., Nat. Photonics 15, 43-52 (2021). Copyright 2020 Springer Nature.”’®

low propagation loss and wideband transparency that includes the vis-
ible range (405-2350 nm).”** As seen for high-Q silicon nitride reso-
nators, the acoustic mode is not guided when the waveguide core is
surrounded by silica and only the large optical Q-factor of those reso-
nators allowed the observation of Brillouin lasing despite the short-
lived acoustic wave.”*> Nevertheless, the first report of Brillouin
scattering in a single-pass optical waveguide made out of silicon nitride
in a silica matrix was reported in 2020 [see schematic of waveguide in
Fig. 9(a)].””" Not surprisingly, the leakage of the acoustic mode in the
architecture led to a very low gain coefficient of just 0.07 m~* W™,
Recent attempts to improve the SBS gain in silicon nitride aimed to
improve the guidance of the acoustic wave in a silica layer between
two silicon nitride stripe waveguides. A tailorable Brillouin gain coeffi-
cient between 0.12 and 0.29 m~! W~! depending on the waveguide
width could have been observed in this case.”””

A second promising platform for SBS that is yet in its infancy is
AlGaAs.””? High modal confinement, low propagation loss, and com-
patibility with other III-V gain materials are all attractive attributes
and motivate the further exploration of this material composition.
Importantly, in contrast to many other semiconductor platforms, it
promises acoustic confinement when on a silica substrate [modeling
of the optical and acoustic mode in AlGaAs are shown in Fig. 9(a)].
The first demonstration of SBS in a non-suspended AlGaAs waveguide
was reported recently; however, the experimentally achieved gain is
yet under 1dB (Ref. 273) and further engineering and investigation
are required to make it a feasible platform for SBS.

E. Brillouin interactions driven via transducers

Finally, we want to discuss another method to induce SBS in
chip-scale waveguides that uses IDTs instead of optically driving the

acoustic wave via electrostriction.””**”® The interaction of the wave
with an optical probe still occurs via the photoelastic effect like in tra-
ditionally optically pumped systems and the interaction needs to fulfill
the phase-matching condition between traveling acoustic and optical
waves. However, not relying on an optical pump enables inducing of
strong acoustic fields, which can be an advantage, particularly in plat-
forms that suffer from nonlinear losses such as two-photon absorption
that limit the available pump power. We note that the transducer-
based approach has a close resemblance to traditional acousto-optic
modulation schemes. Acousto-optic modulators are quite mature
devices that usually operate in the MHz regime. As we had seen a con-
vergence of optomechanics and Brillouin scattering when the field
moved to tailored on-chip waveguides, we can see similar trends for
the research fields of acousto-optics, surface acoustic waves (SAWs),
and Brillouin scattering,

Figure 9(b) shows a racetrack waveguide on a suspended
membrane made out of AIN with an Al IDT at an angle next to
it””* AN is a piezoelectric material, and the IDTs are driven via
an RF tone that induces acoustic waves that travel across the race-
track waveguides. The acoustic waves induce mode conversion of
the optical mode in the waveguide, which leads to non-reciprocal
modulation over a 1 GHz bandwidth. The non-reciprocal band-
width was later extended to more than 100 GHz by utilizing an
AIN membrane with Al IDTs on top of a silicon waveguide.””” The
third demonstration of electromechanically driven acoustic waves
in AIN showed high-frequency 16 GHz acoustic waves traveling
along a suspended waveguide.””°

In addition to the above examples of electromechanically induced
Brillouin scattering in AIN, it has been shown that mechanical waves
can be induced in silicon via transducer.”””*”® It was demonstrated that

Appl. Phys. Rev. 9, 041306 (2022); doi: 10.1063/5.0095488
© Author(s) 2022

9, 041306-15


https://scitation.org/journal/are

Applied Physics Reviews REVIEW scitation.org/journallare

7.2 GHz mechanical waves can be excited in a suspended silicon wave- material platforms, waveguide types, and resonator structures. An
guide via capacitive coupling,”” see Fig. 9(b). Another approach to overview of a selection of applications is shown in Figs. 10 and 11.
induce mechanical waves in an SOI platform is based on the thermo- Broadly speaking, on-chip applications can be categorized into inte-
elastic expansion of metal gratings hit by a pump laser.””” This generates grated optical signal manipulation, generation, and processing or inte-
a surface acoustic wave at up to 8 GHz that travels across a silicon race- grated microwave photonic signal processing and generation,”””” '

track waveguide where it interacts with the optical probe. The advantage

of this approach is that it works in a standard SOI platform without the . . L.
need to underetch. A. SBS for integrated microwave photonic signal

processing

VI. APPLICATIONS OF ON-CHIP SBS SBS is a very attractive effect for integrated microwave photonics
Since the first demonstration of on-chip SBS, a multitude of due to its narrow linewidth, tunability, reconfigurability, and ability to
applications have been shown in the laboratory harnessing different provide gain or loss in a small form factor. Not surprisingly, SBS was
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demonstrated in a multitude of applications in MWP, ranging from
filtering, frequency measurement to phase-shifters and microwave
sources. In general, those applications harness the narrowband ampli-
tude response to filter optical signals and/or utilize the narrowband
and optically tunable phase shift induced by the SBS resonance to
manipulate the phase of a signal or induce a time delay.

The most straightforward way to harness on-chip SBS in a micro-
wave photonic link is to induce a filter profile based on either the SBS
loss (gain) on the optical sideband, which upon photodetection leads
to a narrow stop band (passband)—given by the Brillouin linewidth—
in the RF domain. Such a filter scheme has been implemented in a
chalcogenide rib waveguide utilizing 20 dB gain of the sideband ampli-
tude induced by SBS to generate a 23 MHz wide filter and tunability of
the center frequency from 2 to 12 GHz.”" Those metrics exemplify
some of the key advantages SBS brings to MWP signal processing,
namely, the high resolution and frequency tunability. However, using
SBS directly to amplify one sideband requires quite a lot of pump
power to get decent filter rejection, which is challenging due to the
short effective length, power handling of the chips, and insertion loss
from the facet, which increases the overall power consumption. Over
time, more sophisticated schemes have been developed to overcome
that issue by using interference between different optical sidebands
combined with SBS to achieve deeper filter rejection [see Fig. 10(a),
top].”* Following those initial demonstrations of an MWP filter based
on backward SBS in chalcogenide waveguides, many further papers
followed that improved different aspects of the filter, such as band-
width tuning of the pass and stopbands, number of stop and pass-
bands, insertion loss, noise figure, and linearity with an overview given
in Ref. 288.

Whereas it is fair to say that most microwave photonic filter
applications of on-chip SBS are currently based on backward SBS in
chalcogenide waveguides, filter functions have also been implemented
using forward Brillouin scattering in silicon.”**** An example of a
microwave photonic filter in a silicon waveguide is shown in Fig.
10(a), bottom. Here, a bandpass filter with a steep roll-off in PPER sili-
con waveguides has been demonstrated.””® Due to the nature of the
PPER structure, the pump and the probe are in individual waveguides,
and hence, the need for on-chip circulators or a narrowband filter to
separate the pump and probe is alleviated.

Filters are fundamental building blocks of many systems and the
SBS filter technology described above formed the basis for further
functionalities, such as, for example, frequency mixing and frequency
measurement,”*”** Fig. 10. It was shown that the steep amplitude
response of an SBS-based filter induced in chalcogenide waveguides
can be used to perform amplitude-to-frequency mapping via the
filter transfer function and extract the frequency of an unknown
RF signal over a wide bandwidth with errors as small as 1 MHz,”® see
Fig. 10(b).

Frequency conversion and mixing are indispensable in any
microwave system as it converts the carrier frequency to a frequency
within the bandwidth of the analog-to-digital converter (ADC) and
digital-to-analog converter (DAC). An optical mixer will harness an
optical local oscillator that beats with the optical signal of interest at a
photodetector that generates the desired frequency-converted signal
via heterodyning. Harnessing on-chip SBS, a frequency mixer was
demonstrated that converts signals over a 10 GHz bandwidth to an
intermediate frequency of 1.2 GHz with a conversion gain of —9dB
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and, importantly, around 50dB of image rejection [Fig. 10(c)].
Image signals are located symmetrically around the local oscillator,
and during the frequency conversion would fall into the same band as
the signal of interest and cause distortions that cannot anymore be
removed by filtering.

For frequency mixers and many other microwave applications,
stable oscillators are essential. It has been shown that on-chip high-Q
resonators with the FSR matched to the Brillouin frequency shift can
be used to synthesize ultra-stable microwave signals,”*” see Fig. 10(d).
The first- and third-order Stokes waves generated in the resonator are
beating at the photodetector, creating a beat tone at 21.7 GHz with an
open loop phase noise of —110 dBc/Hz at 100 kHz. Another method
to synthesize stable microwave signals based on integrated photonics
is the OEO, where the mode selecting filter function can be induced
via SBS on a chip.””’ Again SBS offers wide tunability as the filter func-
tion can be moved via altering the optical pump wavelength. Beyond
signal generation, it has been shown that the on-chip OEO can also be
used to identify frequency signals that are fed into the OEO cavity and
lead to stable oscillations above the OEO threshold that can be
detected at the OEO output.™”

Another important device required in microwave systems is
phase shifter or delay lines, which enable, for example, beam steering
in phase arrayed antennas (PAAs). Here, chip integration is crucial to
fit the signal processing at the element level, which is given by half the
wavelength of the signal.””* Using this method, Brillouin-based phase
shifters have been shown in chalcogenide rib waveguides.”*”*”” A con-
tinuously tunable phase shift over 240° from 1.5 to 31 GHz with only
1.5dB of amplitude fluctuations has been shown in a chip-based
demonstration.””’

While phase shifters enable beam steering in PAAs for signals
with a large bandwidth, they can induce beam squint, essentially a dis-
tortion of the beam pattern as different frequencies are deflected by a
different angle. To overcome this limitation, true-time delay systems
can be utilized to perform the beam steering function. In MWP, a
true-time delay can be achieved by controlling the phase of the optical
carrier while inducing a time delay of the sideband, a technique known
as separate carrier tuning.””* As we have seen, SBS is predestined for
implementing such a system as it can induce a narrowband phase shift
on the optical carrier as well as a delay of the sideband via Brillouin
slow-light.”*”” Such a system was shown utilizing on-chip SBS and
achieving a 200° phase shift and a 4ns delay over 100 MHz using
52 dB of on-off SBS gain.”*’

As these demonstrations exemplify, SBS offers great potential for
phase shifting and delaying signals; however, large Brillouin gain and
hence large pump powers are required to achieve a full 360° phase
shift. To this end, interference schemes that can enhance the phase
shift induced via on-chip SBS have been put forward.”****>**° Two RF
tones, transduced in the optical domain, beating on a photodetector
add vectorially and small phase shifts can be enhanced. Using this
technique, it has been shown that even a modest amount of Brillouin
(<2 dB) generated by forward Brillouin scattering in a suspended sili-
con waveguide could be enhanced to a full 360° over a bandwidth of
15 GHz [Fig. 10(e)].”*® This phase enhancement scheme has also been
shown for a true-time delay system that combined SBS gain in chalco-
genide waveguides with SiN ring resonators.””®

Brillouin sensing techniques described earlier in this paper can
play a crucial role in the photonic integration process. Traditionally
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utilized in long length of fiber, recent work has shown on-chip distrib-
uted sensing with sub-mm resolution that can be used to characterize
the waveguide uniformity and the localized SBS gain in the circuit
[Fig. 10(H)]."°"*""*°® Both are important parameters for the evaluation,
design, and optimization of photonic integrated circuits.

B. SBS for integrated optical signal processing
and generation

We have seen in Sec. VI A the benefits of SBS for microwave pho-
tonic signal processing in a small form factor, and the application
space for optical signal processing, controlling, manipulation, and gen-
eration is equally wide and diverse (see Fig. 11). In the optical domain,
additional properties of SBS, such as the phase matching condition,
are used to achieve functionalities like non-reciprocity and optical iso-
lation,”*” nonlinear mode conversion,”” delay and storage of optical
signals induced by coupling to slowly moving sound waves,””" or
ultra-narrowband lasing in resonators.””” This section provides an
overview of different chip-based applications harnessing SBS.

One critical component for future fully integrated photonics cir-
cuits is pure and stable laser sources integrated on the chip. Brillouin
lasers offer a way to overcome current bottlenecks as they allow to sig-
nificantly narrow the linewidth of their pump laser that drives the
Brillouin oscillation. This linewidth narrowing occurs when the decay
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rate of the acoustic wave in the resonator is faster than the optical loss
rate. In this scenario, the generated Stokes wave will experience
Schawlow-Townes  linewidth  narrowing above the laser
threshold.”""""

In particular, improvements in nanofabrication techniques
enabled a rapid increase in optical Q-factor achievable on-chip that
led to lower threshold Brillouin lasers with linewidths reaching the
sub-hertz level [Fig. 11(a)].”** The operation wavelength of Brillouin
lasers is determined by the wavelength of the pump laser and the
transparency window of the waveguide/resonator, which gives it enor-
mous flexibility and an extension of the wavelength range of on-chip
Brillouin laser into the visible wavelength range has been reported.”””
In addition to generating narrow linewidth laser signals on a chip,
Brillouin lasers in high-Q resonators have been used as gyroscopes
[Fig. 11(d)].”*" Here, two counter-propagating Stokes waves are gener-
ated in a resonator using two Brillouin pumps and the Sagnac shift is
measured. The sensitivity of the Brillouin laser gyroscope was good
enough to measure the rotation of the earth.”*’

Another highly desired on-chip component readily available in
optical fiber systems is the optical isolators. Optical isolators are essen-
tial to avoid backpropagation of the laser through the circuit and form
the basis for circulators to route counterpropagating signals. Here,
Brillouin scattering offers an elegant and powerful way to achieve non-
reciprocity. The basic underlying principle of Brillouin-based isolators,
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or non-reciprocity more generally, are transitions between optical
modes via acoustic waves. The phase-matching condition of the
Brillouin process assures that only modes traveling in a certain direc-
tion can undergo mode conversion but not signals traveling in the
opposite direction, as first theoretically proposed by Huang and
Fan.”"* Different ways have been put forward to induce acoustic mode
conversion on chip, like optically pumped PPER silicon waveguide
structures™”’ [a measured non-reciprocal spectrum is shown in Fig,
11(b)], multimode silicon racetrack resonator,”** or electrically driven
acoustic waves.”**”” Using Brillouin scattering, large operation band-
widths exceeding 100 GHz and 38 dB non-reciprocal contrast could
have been achieved.””’

Photonic integrated circuits have low transit times; hence, meth-
ods to delay or buffer signals are required for many applications.
Following the initial fiber demonstrations,”®”” Brillouin slow-light has
been shown on a photonic chip.’”” Despite the larger Brillouin gain
coefficient, the delay and time-bandwidth product faced the same limi-
tations as the fiber implementation. However, a different delay
scheme, that is, Brillouin light storage, greatly benefited from the
higher local Brillouin gain available on the chip [multiple delayed opti-
cal signals are shown in Fig. 11(e)].”"’ Record fractional delays could
be achieved, and Brillouin effects with optical pulses in the 100 ps
regime could be investigated® and recent efforts to counteract the
decay of the acoustic wave via optical pumping promises storage times
even beyond the intrinsic acoustic lifetime.””” It was shown that not
only the amplitude information but also the phase information is
maintained in the storage and retrieval process.””” Furthermore, the
phase matching condition allows the storage of wavelength division
multiplexed signals in a single waveguide without cross-talk’*® and
nonreciprocal delays.”””

For optical communication applications, such as optical carrier
recovering via narrowband SBS amplification, chip integration prom-
ises not only a great reduction in SWAP-C but also increased polariza-
tion and phase stability compared to fiber-based solutions [Fig.
11(H)]."** Self-coherent communication systems do not require an LO;
however, they usually require a large guard band around the carrier to
be able to filter it. Using on-chip SBS, it could be shown that the guard
bandwidth can be reduced to approximately 265 MHz for signal rates
of up to 116.82 Gbit/s."**

As described in the MWP section, many optical signal processing
applications will greatly benefit from further integration of compo-
nents on a single chip (highlighted by the illustration in the middle of
Fig. 10), such as, for example, all-integrated gyroscopes. However,
while microwave photonic applications always require a full circuit,
that is, MWP link, that includes an EO-modulator and photodetector,
some of the applications described in this section are rather individual
building blocks of a bigger circuit, such as laser sources, isolators, or
delay lines. One additional building block of next-generation photonic
integrated circuits is shown in Fig. 10(c).”” This Brillouin-based
acousto-optic modulator has great potential to route, switch, or modu-
late optical signals.”””

VIl. FUTURE PERSPECTIVE—CHALLENGES
AND OPPORTUNITIES

We have reviewed the progress in science and applications of
Brillouin light scattering over the past 100 years to date. Here, we look
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at what is next for Brillouin scattering science and technology and
identify the main themes for future developments and discovery.

Stemming from the theme of Brillouin scattering on a chip, dis-
cussed extensively in Secs. V and VI of this review, integration and
miniaturization will continue to remain an important direction for
researchers around the world in order to create smaller and more
energy-efficient devices and systems as well as speed up the translation
of research discoveries to industry. This will incorporate the search for
new or improved materials and novel waveguide designs that allow tai-
loring of the Brillouin gain as well as photon and phonon dispersion
profiles and ensure high opto-acoustic overlap for energy-efficient
transfer between optical and acoustic modes. Further efforts in tailor-
ing phonon dissipation and guiding mechanisms will be required to
improve the performance of novel platforms like SiN, and creative sol-
utions are required like, for example, anti-resonant acoustic
guidance.”"’

In a similar way, methods to achieve guidance in SOI waveguides
without underetching would increase compatibility with standard sili-
con photonic circuits, like the theoretical proposal of geometrically
softened mechanical modes in fin-like structures.”'' Interestingly, this
theoretical study also suggests the possibility of inducing strong back-
ward SBS in silicon, which is yet elusive. The main underlying reason
for the absence of backward SBS in silicon is the weaker p;, compo-
nent of the photoelastic tensor, which couples the transverse electro-
magnetic fields to the longitudinal acoustic wave, compared to silica
and other materials. Being able to induce backward SBS in silicon via
carefully designed waveguide geometries would open the door to
many applications in microwave photonics and optical signal process-
ing currently limited to chalcogenide waveguides.

Inducing large Brillouin gain in direct bandgap materials like
AlGaAs would open many new opportunities for applications that
require optical gain. Nevertheless, the focus will remain on under-
standing constraints and removing those for SBS interactions in sili-
con, the material platform preferred for technology translation and
device mass production due to the abundance of resources and stan-
dardized infrastructure already existent in this area. Despite many
efforts, photonic integration is still in its infancy, with many opportu-
nities available for combining building blocks of SBS systems on one
chip-scale platform, including driving lasers, Brillouin gain media,
modulators, filters, and detectors. When it comes to Brillouin micros-
copy and imaging, the work on photonic integration has only started
with first demonstrations of Brillouin fiber probes reported in the last
5years.”' """ Harnessing evanescent field coupling to Brillouin modes
using nano-waveguides offers new ways for sensing the surroundings
and microscopy.”*

In addition to further progress in integrated photonic waveguides
designs and integration of Brillouin-active waveguides with other on-
chip components, there are novel demonstrations of Brillouin scatter-
ing in optical fibers. For example, Brillouin scattering has been shown
in chiral photonic crystal fiber,”"” gas-filled fibers,” and liquid core
fibers.”'® Furthermore, Brillouin scattering was recently evanescently
induced at the surrounding of nanofibers, which marks an important
step in connecting waveguide technology with Brillouin sensing and
spectroscopy applications, as well as bare signal amplification in a
small footprint.”'* It remains to be seen if experiments that are cur-
rently demonstrated in optical fiber will inspire on-chip implementa-
tions in the future as we have seen in the past.
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Quantum technology has been a blossoming field of research
with powerful ideas being disseminated to other areas of physics, engi-
neering, chemistry, and biology. On the one hand, the quantum
regime has been hugely unexplored in the context of Brillouin lasing,
memory, and signal processing using opto-acoustic interactions char-
acteristic of Brillouin light scattering. Many fundamental questions still
remain on the nature of these interactions at a single phonon level that
are worth investigating. Recent reports of Brillouin scattering reaching
the strong coupling regime in high-Q resonators are an important step
toward quantum Brillouin applications.”” Investigations of Brillouin
scattering in a quantum regime at very low temperatures have a lot of
unexplored potential, and the first reports of Brillouin lasing in super-
fluids have just emerged.”'® Exploring the possibilities to harness the
Brillouin gain or loss to explore non-Hermitian physics and excep-
tional points is another research direction that can lead to novel appli-
cations and offer deeper insight into some fundamental physics.”’” On
the other hand, quantum technologies such as quantum control of the
states of light, known as squeezed light, can add benefits to overall sys-
tem performance by pushing optical detection to levels beyond shot
noise. This direction is especially attractive for the Brillouin imaging
community since it allows to perform microscopy at reduced power
levels over extended periods of time without incurring photodamage
to biological samples.

The future will also see more emphasis on numerical processing
techniques, complementing and, more importantly, overcoming the
shortcomings of hardware and instrumentation limitations. Machine
learning algorithms directed to optimize the time required for the
acquisition of images in Brillouin microscopy or to retrieve more
information from hyper-spectral data are many examples where
numerical signal processing will play a crucial role in the dissemina-
tion of the technology as a routine imaging modality for micro-
mechanical mapping in a broad range of scenarios from industrial
material sensing to medical imaging and disease diagnostics. Beyond
imaging, it is anticipated that machine learning will play a growing
role in Brillouin research. Be it to find new waveguide designs with
large Brillouin gain or to enhance the precision of microwave photonic
frequency measurements or distributed Brillouin sensors. For example,
it has been shown that genetic optimization codes can improve the
performance of distributed Brillouin fiber sensors.'”’

We have shown in this review how a prediction of coupling light
to acoustic waves 100 years ago spawned an active and diverse research
community that covers biological applications and microscopy, dis-
tributed sensing over many kilometers, and advanced signal process-
ing applications in optical fibers as well as integrated photonic circuits.
Despite being a diverse community, we see invigoration of ideas across
the different domains of Brillouin scattering research and we can see a
bright and exciting future for the field for more fundamental science
discoveries and a maturing of many of the technological applications
toward real-world impact and opening new regimes of fundamental
physics, for example, quantum properties. With all the progress in the
last 100 years of research on Brillouin scattering, we can only imagine
what the next 100 years will bring.
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