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Abstract

The importance of optical signal processing techniques is growing rapidly in recent years
due to the exponentially increasing demand for bandwidth, capacity and power efficiency in
communications and computing. In particular, on-chip implementations that can complement
state-of-the-art electronic micro-chip architectures are highly desired. Due to their bosonic
nature, however, photons do not interact with each other, unless there is a nonlinear medium
present mediating the interaction.
The desire to switch and process data all-optically led to the field of integrated nonlinear
optics. One of the strongest and most tailorable nonlinear effects is the interaction of light
waves, photons, with sound waves, acoustic phonons, which is known as stimulated Bril-
louin scattering (SBS). In the SBS process, an optical pump wave interacts with a traveling
acoustic wave, generating a backscattered optical Stokes wave that is frequency-shifted by
the frequency of the acoustic wave. The beating between the two optical waves reinforces
the acoustic wave. Hence it is referred to as a stimulated scattering process.
In a recent paradigm shift, it was shown that these resonant interactions of light and sound
waves could be harnessed in a chip scale platform. The pristine properties of this coherent
interaction allow for applications, hard to achieve in purely photonic processing schemes.
This thesis experimentally investigates on-chip SBS. The fundamental coupling strength
between the light and sound waves is studied, and it is shown that the interaction strength
can be tailored by using one-dimensional photonic bandgap structures. By altering the
waveguides’ density of states (DOS) an enhancement of the SBS interaction is observed, and
a 15-line Brillouin frequency comb (BFC) could be generated. Importantly it is shown that
the generated frequency comb is phase-locked, a key requirement for any application. But
it is also shown that one can fully inhibit the SBS interaction by exploiting the low DOS
inside the photonic bandgap. This is an important finding as it allows to mediate SBS in
cases where it is considered a nuisance, such as in many telecommunication applications or
high-power lasers and amplifiers.
While in the previously described case optical feedback is used to enhance SBS and generate
a frequency comb or pulsed laser source, the possibility of employing radio frequency (RF)
feedback is also explored. In this configuration, very stable RF oscillations were generated
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via beating an optical pump and the - via SBS generated - first-order Stokes wave on a
photo-detector.
Besides allowing for the generation of unique on-chip sources, such as the above described
pulsed laser or microwave synthesizer, SBS also enables the storage of light signals, one of
the holy grails of all-optical signal processing. Storing and delaying light signals is of key
importance in optical networks to enable synchronization, buffering, rerouting and further
signal processing operations on the data.
Ideally, this is achieved in a small footprint integrated platform. On-chip SBS offers great
potential as optical memory because it enables a resonant coherent transfer of information
from an optical data pulse to an acoustic wave and back. The acoustic wave travels five orders
of magnitude slower than the optical wave, quasi-stopping the flow of information encoded
in an optical data-stream in the waveguide. It is shown in this thesis that a Brillouin-based
memory (BBM) technique allows storing not only the amplitude but also the phase of optical
data pulses, which significantly increases the amount of data that can be stored and promises
full compatibility with modern complex encoding schemes.
Furthermore, the unique phase-matching condition between the optical and traveling acoustic
waves allows for multi-wavelength operation with minimum crosstalk and allows advanced
signal processing operations such as uni-directional light storage. Cascading the transfer
between optical and acoustic waves paves the way towards a distributed optical memory,
where information can be stored everywhere in a photonic circuit, just by tailoring the control
pulses from one external laser source. It is also shown that the limitation in storage time of
the acoustic lifetime could potentially be overcome by operating the memory in an inverse
frequency regime, the Stokes instead of the anti-Stokes regime. In this regime, the acoustic
wave does not get depleted by the control pulses but is replenished.

The body of work of this thesis presents an advance in on-chip optical signal processing by
using coherent sound waves. It is shown that the SBS interaction can be fully tailored by
periodically patterning a photonic waveguide, from strongly enhancing to fully suppressing
the build-up of a Stokes wave. Furthermore, it is shown that operating SBS in a hybrid RF
cavity allows to synthesize ultrastable RF signals. Finally, it is shown that coupling optical
signals to coherent traveling acoustic waves can be harnessed for storing and delaying optical
signals in an integrated circuit with high fidelity, preserving key parameters of optical data
streams such as amplitude, phase, and wavelength, while operating at a high bandwidth.
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Chapter 1

Introduction

This thesis investigates the interaction of photons with coherent hypersound waves in inte-
grated waveguides. This resonant interaction between traveling sound and light waves is
canonically referred to as stimulated Brillouin scattering (SBS). In this process, an optical
pump wave interacts resonantly with an acoustic wave which generates a frequency down-
shifted Stokes wave. The process is stimulated when the beat-note between the pump and
the Stokes wave is reinforcing the acoustic wave, leading to an exponential build-up of the
generated Stokes wave.
SBS is an effect which was observed in optical fibers for many decades, but even though it
has many applications, such as narrow-linewidth lasers or temperature and strain sensors,
research often focused on mediating SBS in optical communication systems where it is
known to be a nuisance. In a recent paradigm shift, the field of SBS research moved from
long lengths of optical fibers towards sub-micrometer to nanometer size waveguides, enhanc-
ing the opto-acoustic interaction strength by orders of magnitude, enabling many on-chip
applications and greatly expelling the capabilities of integrated nonlinear optics.
Harnessing SBS on a chip was enabled by a better understanding of what is required to guide
optical and acoustic waves simultaneously in a waveguide, a prerequisite for strong opto-
acoustic interaction. A waveguide made out of a soft glass like chalcogenide sandwiched
between rigid silica glass turns out to fulfill this condition, enabling ultra-high Brillouin gain.
Being one of the strongest and most tailorable nonlinear interactions renders SBS a candidate
for a wide variety of applications in integrated photonic circuits. This thesis investigates
SBS in on-chip waveguides from a fundamental physics point of view of tailoring the SBS
interaction strength to proof-of-principle demonstrations that lay a foundation for many
potential future applications, ranging from on-chip multi-wavelength or pulsed laser sources,
the generation of stable widely tunable microwave signals and the ability to stop and storing
optical signals. Developing an all-optical light storage technique is key for buffering, rerout-
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ing and processing of optical signals on a chip.

The first step for efficiently harnessing SBS is to form a deeper understanding of how to
control, and if required alter, the SBS interaction in an integrated platform. In this thesis,
a method that allows tailoring the nonlinear Brillouin interaction strength by periodically
patterning the waveguide, forming a one-dimensional photonic bandgap structure, a Bragg
grating. The grating alters the dispersion of the waveguide and hence alters the propagation
of optical waves in the structure. Close to the band-edge, the group velocity of light is
decreased, and a buildup of the optical field energy can be observed. This effect is used to
enhance the SBS interaction.
The enhancement of the SBS interaction strength is used to generate a cascade of several
Stokes lines, a Brillouin frequency comb (BFC). The individual Stokes lines are spaced by
the SBS frequency shift of around 10 GHz. Time-domain measurements of the cascaded
Stokes waves show a stable pulse train, which means that the spectral lines of the BFC are
phase-locked ensuring the constant line spacing. The origin of the phase-locking is identified
as a complex interplay between Kerr four-wave mixing (4WM) and SBS within a highly
nonlinear chalcogenide waveguide with optical feedback. Frequency combs with precise
comb line spacing have several important applications from spectroscopy to metrology.
Whereas the group velocity of light is reduced at the band edges of the one-dimensional pho-
tonic bandgap, the propagation of optical waves is forbidden within the frequency range of
the stopband. In this thesis, it is shown that the build-up of the Stokes wave is fully inhibited
in the stopband. This is an important finding given that SBS is considered a nuisance in
many applications. As SBS is one of the strongest nonlinear effects, a method to effectively
suppress SBS is required for linear photonic circuits, high power applications, such as lasers
and amplifiers and for on-chip signal processing schemes that exploit other nonlinear optical
effects, such as, e.g., 4WM or second harmonic generation.
A framework that describes both the effects, enhancement and inhibition, is the description
of the optical density of states (DOS). Inside the stopband the DOS is low; hence the Stokes
scattering efficiency is quenched while at the band edges the DOS is high; hence the Stokes
scattering is enhanced.
This demonstration of tailoring the DOS of a waveguide shows that the generation of the
Stokes wave can be altered solely by means of tuning the pump laser frequency relative to the
bandgap. It greatly increases the control over the strength of light-sound interaction, allowing
for advanced SBS signal processing schemes at reduced power levels, but also allows to
completely suppress SBS for the cases when it is considered a nuisance. Furthermore, it
should be pointed out that this technique of selectively suppressing nonlinear interactions
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via a photonic bandgap can also be extended to other nonlinear effects and hence has many
potential future applications in classical optical as well as quantum signal processing.

As the spacing of the BFC is in in the 10 GHz range it is predestined for microwave process-
ing. In this thesis, it is shown that it is in particular suitable for GHz frequency microwave
synthesizing. A chip-scale microwave source has many important applications ranging from
wireless communication to radar. Beside the compactness and low power-consumption, key
requirements for such a microwave source are stability and tunability. The stable microwave
signals are generated by feeding the microwave signal that is generated by beating an optical
carrier wave with a Stokes wave at a photodetector back to a modulator that seeds the on-chip
SBS interaction. This hybrid electronic-optical cavity configuration is known as an optoelec-
tronic oscillator (OEO). We show that the strong SBS interaction in our waveguides enables
the realization of a compact optoelectronic oscillator (OEO) with ultra-wide tunability and
low phase noise.

Besides enabling unique on-chip sources, in the optical as well as microwave regime, SBS
also allows performing manipulation and processing of optical waves, in particular the ability
to store information that is carried by optical pulses. Coherently transferring optical data
pulses to acoustic waves and vice versa can delay optical signals due to the five orders of
magnitude difference in the velocity of light and sound waves. Achieving large delays in
a compact footprint is particularly challenging, given that light travels about a foot in one
nanosecond in air. Therefore, optical delay and storage techniques are crucial for next-
generation microchips that harness photonics to achieve higher speeds, larger bandwidth and
overall better energy efficiency. Many different approaches for an on-chip optical buffer have
been pursued in the past, such as slow-light implementations based on structural and material
resonances. However, a buffer that has a large bandwidth is able to achieve a large fractional
delay and is compatible with complex telecommunication encoding techniques, such as
amplitude and phase encoding plus multi-wavelength channel operation, is still elusive.

In this thesis a Brillouin-based memory (BBM) that stores optical information as acoustic
waves on a chip is shown. Optical data pulses with multiple amplitude levels could success-
fully be stored and retrieved. Moreover, the coherence of this process is demonstrated by
encoding different phase levels. The ultra-large Brillouin gain in chalcogenide waveguides
allows large operational bandwidths that are exceeding a GHz and enable large fractional
delays of tens of pulse widths. Multi-wavelength operation of the BBM is experimentally
demonstrated, whereas the phase-matching condition between traveling acoustic waves and
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optical waves ensures that there is no observable mixing between the individual wavelength
channels. This phase-matching condition, furthermore, breaks the symmetry between for-
ward and backward traveling optical data streams, enabling advanced signal processing such
as non-reciprocal light storage.

The rest of this thesis is organized as follows:

Chapter 2 provides the reader with the state-of-the-art in SBS research necessary to con-
textualize the work presented in this thesis. It starts with a historic perspective from the
first demonstrations of SBS towards recent on-chip implementations. Furthermore, a first
introduction to the fundamental physics of SBS is provided, and an overview of applications
of SBS is given, with the focus on new opportunities arising from on-chip SBS.

Chapter 3 gives the mathematical description of SBS, i. e. the interaction between optical
waves and sound waves. It starts with a description of optical wave propagation to guided
optical waves followed by a description of propagating sound waves and acoustic waveguides.
In the final steps, these two types of waves are coupled together in a photonic-phononic
waveguide.

Chapter 4 provides the theoretical background of Bragg gratings and slow-light propagation.
It is shown how Bragg gratings alter the dispersion relation in a waveguide leading to the
formation of a bandgap, which as shown in chapter 5 can be used to either enhance or
suppress SBS.

Chapter 5 shows how tailoring the optical DOS by periodically patterning a waveguide
enables pristine control of the SBS interaction strength. Enhancement, which enabled the
generation of a cascade of Stokes waves, as well as fully suppression of the nonlinear effect
that enabled depletion-free transmission, are demonstrated.

In chapter 6, SBS is applied in a microwave cavity can be used to generate microwave
signals. The distinctive frequency tunability and low phase-noise of this Brillouin microwave
oscillator are shown.

Chapter 7 shows the storage of optical signals as coherent traveling acoustic waves in a highly
nonlinear waveguide. The many distinguished features of the Brillouin memory technique
are shown, such as high bandwidth, coherence, large fractional delay and multi-wavelength
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operation.

The final chapter 8 gives a summary of the presented work in this thesis and provides an
outlook on future research directions of on-chip phonon-photon interactions.





Chapter 2

Historical background, fundamentals
and state-of-the-art

This chapter discusses the foundations of SBS, starting with a historical perspective followed
by a high-level description of the fundamental physics of SBS. In the final section of the
chapter, the most common applications of SBS are reviewed with a special focus on on-chip
applications and the new possibilities the ultra-strong SBS interaction in photonic-phononic
waveguides has enabled.

2.1 Light sound interactions - a historical perspective

Here the evolution of Brillouin scattering research from the beginning of the 20th century to
today’s on-chip nano-structures, which are carefully designed and tailored to show efficient
stimulated Brillouin scattering, is provided. The chapter follows the development of SBS
research by means of selected experimental and theoretical breakthroughs in the field.
The second part of the chapter discusses the development of Brillouin scattering from a
device point of view, starting from the first observation of SBS in a waveguide, an optical
fiber, to modern chip-scale SBS platforms with strongly enhanced opto-acoustic coupling.

2.1.1 Initial theoretical predictions and pioneering experiments

The first theoretical description of Brillouin scattering was published in 1922 by Leon
Brillouin [1]. In parallel there were similar studies conducted by Mandelstam in Russia
published in 1926 [2], hence the effect is sometimes referred to as "Brillouin-Mandelstam
scattering" in the literature. For the rest of this thesis, however, we refer to the effect as
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"Brillouin scattering" or "stimulated Brillouin scattering (SBS)" depending on whether the
scattering process occurs spontaneously or is stimulated, respectively. Brillouin scattering
describes, in the broadest sense, the scattering of an optical wave from an acoustic wave, that
is a pressure or density wave inside a material, but can also be an acoustic surface wave. The
field of Brillouin research has seen several paradigm shifts:

• Phase 1: starts from the first theoretical predictions in the 1920s and experimental
investigations of spontaneous scattering processes.

• Phase 2: starts with the invention of the laser in the 1960s that allowed for the first
time to study stimulated scattering processes.

• Phase 3: starts from the development of low loss optical waveguides in the 1970s. SBS
in optical fiber was studied to develop applications but even more so to mediate it and
minimize its detrimental effects in optical data transmission systems.

• Phase 4: starts from around 2000 and shows major research efforts on controlling and
harnessing SBS in micro-structured waveguides and integrated chip-scale platforms.

The first period of Brillouin scattering research ranges from the initial description of inelas-
tic light interactions with acoustic vibrations to the invention of the laser in 1960 [3]. In
this period due to a lack of coherent light sources the main focus was on investigating the
spontaneous scattering of optical waves from acoustic waves. Shortly after Brillouin’s and
Mandelstam’s predictions, the first experimental demonstrations of light scattering from
vibrations were reported [4–6].
These initial investigations, pioneered by Raman, dealt with the inelastic scattering of light,
although the nature of the vibrations involved in these studies is can be distinguished from
the acoustic vibrations considered in Brillouin’s theoretical study. Even though both cases
are dealing with the scattering of light from matter, in Raman’s initial experiments the light
scatters from molecular vibrations instead of the density waves in the case of Brillouin
scattering [7–9]; or in other words, Raman scattering deals with the scattering from optical
phonons, whereas Brillouin scattering involves acoustic phonons. The first experimental
observation of Brillouin scattering was by Gross in 1930 [7], where he observed a change in
the wavelength of light due to the scattering of heat waves in a liquid.
Hence today one distinguishes between Raman and Brillouin scattering depending on the
dynamic of the scattering process, or in other words the type of "phonon" involved in the
scattering process. The term phonon was introduced by Tamm in the 1930s [10] and describes
the fundamental quanta of a lattice vibration, in an analogy of the term photon for optical
excitations. The density or pressure waves which function as scatterer in the case of Brillouin
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a) b)

Fig. 2.1 Experimental demonstrations of light scattering from sound waves. a) Experimental
setup and observed scattered light in a liquid from a monochromatic light source [8]. b)
Observation of light scattered from acoustic waves in a crystal [11].

scattering are termed acoustic phonons and show a linear dispersion relation in bulk (Note
that this linear relationship can be altered in waveguides; the dispersion relation will be
explained in more detail in section 2.2). On the other hand, the molecular vibrations studied
in Raman scattering have a flat dispersion and are known as optical phonons. Besides the
dispersion relation the two scattering processes, Brillouin and Raman, show quite different
frequency shifts and bandwidths of the inelastic scattered Stokes waves. Raman scattering
usually shows a relatively large frequency shift in the THz range while Brillouin scattering
is observed in the GHz range with a narrow spectral width of the Stokes wave in the MHz
range.
Results from two pioneering Brillouin scattering experiments in liquids are shown in figure

2.1. Figure 2.1 a) shows a measurement of Brillouin scattering in liquid performed by Debye
and Sears in 1932 [8] that followed shortly after the first report of Brillouin scattering in
liquids by Gross [7] and showed for the first time a measured spectrum of the scattered light
waves from the liquid. The first measurement of SBS in a crystal by Raman in 1938 is shown
in figure 2.1 b).
These early experiments rely on a monochromatic light source and an interferometric mea-
surement technique, where additional spectral lines next to the light source were observed. As
the frequency shift of these additional spectral components depends on the elastic properties
of the material, one of the first applications of Brillouin scattering was the characterization
of crystals [12].



10 Historical background, fundamentals and state-of-the-art

a)

b)

c)

Fig. 2.2 Experimental demonstrations of stimulated light scattering from sound waves. a)
Stimulated Brillouin scattering in a crystal [14], b) in liquids [16] and c) in gases [18].

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 [3]. The pristine coherence properties
and the high power levels of the laser enabled to reach, for the first time, the regime of
stimulated Brillouin scattering. The first nonlinear effects using a laser, however, were not
related to SBS, but reported the first demonstration of second harmonic generation [13].
Many papers on further nonlinear effects followed. The first demonstration of SBS was
reported in 1964 in Quartz and Sapphire crystals [14], shortly followed by demonstrations of
SBS in liquids [15–17] and in gases [18].
A theoretical description based on a classical model of electrostriction and photoelasticity
was presented by Kroll shortly after these first pioneering experimental demonstrations [19].
The theory was further developed taking into account nonlinear relations between the coupled
waves, such as saturation, and expressions for the strength of the coherent acoustic wave
were derived [20]. The nature of the acoustic wave involved the Brillouin process was further
investigated and the first theoretical and experimental study of the phonon lifetime was
presented [21].

Experimental results of these first demonstrations of SBS are shown in figure 2.2. As
in the case of the first spontaneous Brillouin scattering measurements an interferometric
measurement technique was used to detect the additional spectral features generated, however
the incoherent light source from early experiments was now replaced by a coherent maser or
laser source, respectively.
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2.1.2 Brillouin scattering in optical fiber

At the same time as the invention of the laser, and the initialization of the field of nonlinear
optics, another revolutionary development took place: the deployment of low loss optical
waveguides pioneered by 2009 Nobel prize laureate Charles Kao [22]. These developments
ultimately led to optical fibers that can guide light for several kilometers with losses as low
as 0.2 dB/ km. Optical fibers provided a completely new platform to study nonlinear optics
as the interaction length is now increased from the short focal length of a focused laser to
many meters and kilometers.
Following this development, the first demonstration of SBS in optical fiber was published
by Ippen and Stolen [23] in the beginnings of the 70s. The experimental results from this
first demonstration are shown in figure 2.3 a). Compared to the previous demonstrations on
spontaneous Brillouin scattering, in this experiment, an oscilloscope is used to measure the
effect of SBS directly on a propagating light pulse instead of an interferometric detection
technique (compare figure 2.1 and 2.2). One can clearly identify the distortion on the forward
traveling pulse (left graph in figure 2.3 a) and the generated backscattered Stokes signal (right
graph in figure 2.3 a). Interestingly already in this first demonstration the authors pointed out
the limitations SBS will impose on communication systems by limiting the maximum power
that can be transmitted:

"From these experiments, it is clear that SBS can indeed occur at low power levels in optical
fibers. In particular, SBS limits the amount of narrow-band power which one can transmit
through a fiber."

This early realization of SBS being a potential hindrance turned out to be a major challenge
in communication systems with major research efforts undertaken to mediate or suppress
SBS[24–34]. Different approaches were pursued by scientists and are ranging from the
development of specialty fiber to applying heat and stress gradients along fiber spools. Other
techniques are based on purposely jittering of the pump or periodically interrupting the
fibers with isolators to avoid the build-up of the Stokes wave (these different approaches are
explained in detail in section 2.3 "SBS as a nuisance").

Besides being regarded as a nuisance for transmitting signals via optical fibers, the ability to
exploit SBS in optical fiber, also enabled useful applications, such as the first demonstrations
of a Brillouin laser [35]. Brillouin lasing was achieved by forming a fiber loop, which acts
as a laser cavity (figure 2.3 b). Measurements of the laser threshold are shown in figure
2.3 c). Without the feedback loop closed the transmitted pump power increases linearly with
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a)

b) c)

Fig. 2.3 Experimental demonstrations of SBS in an optical fiber. a) Left graph: forward
traveling pulse. Right graph: detected backscattered signal generated via SBS [23]. b)
Experimental setup of a fiber loop Brillouin laser [35]. c) Power measurement of an open
and closed laser cavity. The lasing threshold for the Stokes signal can clearly be identified
[35].

input power. With a closed feedback loop, however, the pump starts to deviate from this
linear behavior due to pump depletion. At the same time, the Stokes lasing signal builds
up. One can clearly identify the threshold for the Stokes lasing, one of the requirements for
determining lasing behavior.
The first cascaded Brillouin laser was demonstrated shortly after the initial Brillouin laser
[36]. The possibility of mode-locking cascaded Stokes orders to generate short pulses was
investigated in several theoretical and experimental papers over the following years [37–39].
All these initial Brillouin laser demonstrations were utilizing a cavity that relies on both, an
optical fiber spool and free-space components. The first all-fiber setup was presented a few
years after this initial studies and having the advantage of lower overall cavity loss that led to
a sub-milliwatt threshold [40].

Another class of light-sound interactions in optical fiber was discovered by Shelby et al. in
1985 [41] in which transverse acoustic waves, traveling between the fiber core and the fiber
cladding, interact with the light guided in the fiber core. The observed acoustic frequen-
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cies are much lower (MHz to hundreds of MHz) than its longitudinal counterparts (around
10 GHz) and can be observed in the forward direction. A spectrum of these transverse modes
of a fiber is shown in figure 2.4 a). This class of Brillouin interactions is known as guided
acoustic-wave Brillouin scattering (GAWBS).

In the mid-90s a new class of optical fibers was developed termed photonic crystal fiber
(PCF) [42, 43]. The light is guided in a glass core surrounded by holes forming a photonic
crystal in the transverse direction.
The small core, however, also enhances the interaction between light and sound waves by
trapping the acoustic mode in the core [44]. Scattering of light from transverse acoustic
modes was reported and termed Raman-like scattering, due to the resemblance of the un-
derlying dynamics of Raman scattering. The dispersion band of the acoustic modes that
are observed in the photonic crystal fiber (PCF) is rather flat, similar to the case of optical
phonons in Raman scattering. The scattering direction is forward, and there is only a small
change in the momentum of the light due to the mainly transverse direction of the acoustic
mode. In that sense it is similar to the previously described GAWBS, however, here the
acoustic mode is trapped in the very small core of the PCF and hence a larger frequency
shift is observed compared to GAWBS in standard silica single-mode fiber. GAWBS in PCF
and small core waveguides were subject to extensive experimental and theoretical studies
[45–49].
A measurement of forward Raman-like scattering processes for two different PCFs is shown
in figure 2.4 b). It illustrates the strong dependence of the observed acoustic modes on the
structure of the fiber core.
Besides light scattering in the forward direction, backward SBS was also demonstrated

in small core PCFs [50]. In contrast to standard single mode fiber several Brillouin peaks
at around 10 GHz could be observed (see figure 2.4 c). These peaks can be attributed to
different acoustic mode families in the small silica core of the PCF. It shows the dependence
of the Brillouin interaction of the core-structure and shows how SBS can be tailored through
micro-structuring the waveguide. The dependence of SBS on the structure of the fiber core
was later measured in a distributed system, giving the opportunity of characterizing the
microstructure along the PCF [51, 52].

In this section, it was shown how a PCF with a small core effects the light-sound interaction
and hence shows that micro-structure waveguides enable to alter and control these interactions.
In the next section an overview of SBS chip-scale platforms is presented, from micro- and
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a) b)

c)

Fig. 2.4 a) Transverse acoustic modes in a 125µm diameter fiber [41]. b) Forward Raman-
like scattering in a PCF. The two measurements were performed for different PCFs and
demonstrated the strong spectral dependency of the scattering process on the fiber core
structure [44]. c) Backward SBS in a PCF [50].

sub-micro-meter sized waveguides, wires and suspended membrane structures to high quality
factor (Q-factor) resonators.
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2.1.3 Entering the chip-scale - novel SBS platforms

In the recent decade, there is another paradigm shift in SBS research occurring, from the
long lengths of optical fiber towards micro- and nano-structures with high Brillouin gain co-
efficients. This shift was enabled by great progress in fabrication methods and techniques of
photonic devices, allowing the fabrication of low-loss waveguides on chips and high Q-factor
resonators with meticulous control over the dimensions. This precise control in the fabrica-
tion allowed SBS research to explore new device structures and starting to enter the nanoscale.

This section gives an overview of novel SBS platforms, focusing on the design requirements
to achieve strong Brillouin interactions. An overview of applications based on these new
platforms is given in section 2.3. The realization of the ability to harness SBS on a chip
along with the ability to tailor the SBS interactions in micron- to sub-micron waveguides
greatly excelled the field of SBS research, making SBS today one of the strongest nonlinear
effects that is versatile and highly tailorable. This recent progress in SBS research allows for
new functionalities in integrated photonic circuits, otherwise hard to achieve (see section 2.3))

Besides new functionalities, light-sound interaction in micro- to nano-scale structures opens
a plethora of possibilities to study fundamental science questions [53–66]. It gives access
to study the influence of different optical forces such as bulk electrostriction and boundary
radiation pressure forces [67, 68]. For the first time it allows to tailor these two kind of optical
forces and study their interplay [34]. Radiation pressure forces allowed for example (e.g.) to
cool a mechanical resonator into its quantum ground state [57]. This seminal demonstration
shows that studying the interactions between optical waves and mechanical motion can
give access to fundamental science questions such as the observation of quantum effects of
macroscopic systems.
First investigations of waveguide size effects on the Brillouin interactions date back to the
70s [69–74]. For example, it was realized by Sandercock that the Brillouin spectrum would
exhibit discrete spectral lines within the Brillouin linewidth in thin films due to the discrete
nature of the phonon wave vectors [69]. Further experiments investigated the effects of
Brillouin scattering from acoustic surface phonons [72]. A scheme of a basic experiment
investigating these type of scattering interactions is shown in figure 2.5 a). Prisms are used to
couple light into the TE0 waveguide mode. The light that was scattered by a 90◦ angle and is
now in the TM0 mode was collected by a second prism.
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SBS in chalcogenide waveguides

Following these early considerations of SBS in thin films, the first observation of SBS in a
planar rib waveguide on a chip was realized in 2011 [75]. Here the longitudinal acoustic
wave is guided in the chalcogenide glass that is sandwiched between a silica substrate and
cladding. As the speed of sound is higher in silica surrounding compared to chalcogenide
core, the acoustic wave is well trapped in the waveguide. This acoustic guidance mechanism
can be seen in analogy to optical waveguides where the optical mode is guided in the material
with the higher refractive index n and hence the lower velocity of the optical mode c / n.
A basic scheme of the chalcogenide rib waveguide used in this demonstration is shown in
figure 2.5 b) with a scanning electron microscope (SEM) image shown in the inset. The
Brillouin gain in chalcogenide waveguides is around two orders of magnitude larger than
in standard single mode fiber. As described in section 2.2 about the fundamental physics of
SBS, this increased gain originates from the large refractive index of chalcogenide glass, as
well as the small mode area of the rib waveguides and the large overlap between the optical
and the acoustic wave in the waveguide core.
The Brillouin gain spectrum of the rib waveguides is shown in the left panel of figure 2.5 c).
It shows a Lorentzian shape and a width of around 34 MHz. The exponential amplification
of a small Stokes seed is shown in the right panel of figure 2.5 c). SBS was also investigated
in directly laser written chalcogenide waveguides [76], however, in this case, the acoustic
mode is not well guided, and hence the observed Brillouin gain is lower and the linewidth of
the observed Stokes spectrum, which is inversely proportional to the lifetime of the acoustic
mode, is broadened.
This new SBS platform enabled a manifold of applications in a small footprint photonic
circuit, such as on-chip SBS slow and fast light [77], narrowband filtering [78], dynamic
gratings [79] and Brillouin laser [80]. In particular harnessing SBS for microwave filtering,
and SBS-based microwave photonic signal processing [81], generated a significant amount
of interest [82].

SBS in high-Q resonators

In parallel to the development of SBS in planar integrated waveguides, SBS was investigated
in high-Q resonators. Following the first demonstration of SBS in a Calcium fluoride (CaF2)
resonator in 2009 [83], the field quickly expanded to different resonator types and materials
such as, e.g., silica [84, 85]. An overview of the different resonators used to investigate
Brillouin interactions is shown in figure 2.6 a) - c).
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a) b)

c)

Fig. 2.5 a) Basic scheme of the experiment to observe Brillouin scattering from surface
phonons [72]. Prisms were used to couple in and out of the waveguide modes. b) Basic
scheme and SEM image of the rib waveguides used in the first SBS on-chip demonstra-
tion [75]. c) Lorentzian Brillouin gain spectrum (left) and exponential build-up of the
backscattered Stokes wave (right) [75].

Figure 2.6 a) shows a high-Q CaF2 resonator that supports whispering gallery modes, while
2.6 b) and c) show a silica sphere resonator fabricated using a CO2 laser and a re-flow method
and a lithographically fabricated silica wedge-resonator on a silicon chip, respectively. Note
that the sound-light interactions in resonators considered in this section are Brillouin type
interactions, in the sense that they rely on traveling acoustic waves. The interaction, therefore,
underlies the known Brillouin scattering phase matching conditions and show a Brillouin
frequency shift in the GHz range, given by the resonator material properties (compare sec-
tion 2.2 on the fundamentals of SBS). Hence this Brillouin sound-light interaction can be
distinguished from canonical opto-mechanical interactions in micro-resonators, which are
usually dealing with transverse or breathing type acoustic modes with much lower mechanical
frequencies (kHz - MHz) alongside much higher acoustic quality factors [53, 86]. Both cases
rely on optical forces causing mechanical deformation and hence rely on the same underlying
physics. In particular, with the recent studies of SBS in nano-scale waveguides where radia-
tion pressure forces at the boundaries need to be considered in addition to the electrostrictive
bulk forces that underly the Brillouin process in optical fiber or bulk. Moreover, it was shown
that nano-mechanical rresonators can reach frequencies of multiple GHz [87].
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a) b)

c)

Fig. 2.6 a) Two CaF2 resonators. The brackets mark the location of the whispering gallery
modes [83]. b) The basic setup of a silica fiber-tip resonator experiment. The inset shows a
photograph of a silica resonator [84]. c) Micro-graph from the top of a silica wedge resonator
with around 1 mm diameter (left). SEM image of the wedge resonator from the side with
different wedge angles (right) [85].

Chemically etched ultra-high Q-factor resonators on a silicon chip with the free spectral
range (FSR) matching the Brillouin frequency shift [85] propelled the field of resonator
based SBS further, allowing for ultra-stable Brillouin lasing [88, 89] and pure microwave
generation [90, 91]. These resonators show record Q-factor values approaching one billion.
The ultra-high Q-factor greatly lowers the power requirements for exciting the Stokes wave,
however, also impose stringent requirements on the fabrication, as the FSR has to match the
Brillouin frequency shift exactly [85].
Besides the aforementioned Brillouin lasers and microwave sources, SBS in high-Q res-
onators was shown to have applications as gyroscopes, greatly exceeding the performance of
previous gyroscopes based on micro-optical techniques [92].

Brillouin interactions have also been observed in a different type of resonators made out of
silica spheres. These spheres are made by heating a fiber-tip and can show high Q-factors.
The main difference to the previously described resonators, however, is their size. These
fiber-tip resonators are just about 100µm in diameter (see inset figure 2.6 b)), compared to the
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relatively large (mm-size) diameter silica wedge resonators described previously (compare
figure 2.6 c). Due to the smaller size, the FSR of these resonators is not matched to the
Brillouin frequency shift. However, by coupling to different mode families, phase-matching
can be achieved, and Brillouin interactions can be observed [84, 93]. Demonstrations of
microwave oscillations [84], Brillouin cooling [94], Brillouin induced transparency and
non-reciprocal transmission [95, 96] have been shown in these resonators.

SBS in silicon

The field of on-chip Brillouin scattering received a further boost when Rakich and co-
workers predicted giant SBS enhancement in silicon nano-waveguides [67]. A scheme
of the theoretically proposed structure is displayed in figure 2.7 a). It was shown that
moving boundary effects in these small waveguides enhance the opto-acoustic interaction
in the Brillouin process that is generally purely induced via bulk electrostriction effects.
Furthermore, the much smaller effective mode area in these silicon waveguides leads to an
additional increase of the strength of the nonlinear scattering process.
The structure considered in the theoretical study was a silicon nanowire surrounded by air,
to avoid leakage of the phonons into the substrate that is usually made out of silica for
most silicon photonic circuits. Note that the situation for silicon-on-silica waveguides is the
inverse regime to the chalcogenide-on-silica waveguides described previously. Whereas in
the latter case the acoustic mode is guided in the chalcogenide waveguide, in the silicon case
the acoustic wave leaks out of the silicon waveguide into the silica substrate. Due to this
acoustic leakage, the overlap between the optical and acoustic waves is small, and hence the
SBS gain is quenched. In fact mediating the phonon leakage was (and partially still is) one
of the main challenges of SBS in silicon research.
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a) b) c)

d) e) f )

Fig. 2.7 a) Structure considered for the theoretical prediction of SBS in silicon [67]. b)
Under-etched silicon waveguide with silicon-nitride wings. The optical mode is guided in
the silicon waveguide whereas the wings serve the purpose of guiding the acoustic vibrations
[97]. c) Silicon nanowire supported by a small nano-pillar running along the waveguide
[98]. d) Two silicon waveguides in the vicinity of each other surrounded by a silicon-nitride
phononic crystal. The phononic crystal wings guide the acoustic mode via Bragg reflection,
but also allows the two waveguides to "communicate" via phonons [99]. e) Fully suspended
silicon nanowire [100] that resembles most closely the theoretically proposed structure shown
in (a). f) All-silicon suspended waveguide with wings [101].

However, due to its technological importance silicon is still a promising platform for SBS
research and applications, due to the tremendous infrastructure capabilities provided by
the complementary metal–oxide–semiconductor (CMOS) industry. Hence further research
efforts to achieve Brillouin amplification in silicon, despite the acoustic leakage, are still
actively pursued.

Several different silicon structures were designed to overcome the challenge of acoustic
leakage and forward Brillouin interactions in silicon could be shown [97–99, 101–103],
while backward SBS is still elusive in silicon. Theoretical studies suggest that the reason
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behind the weak backward SBS interaction in silicon originates from the counteraction of
the electrostrictive and radiation pressure forces in silicon. It was shown in silica tapers that
these two contributions, electrostriction and radiation pressure, to the overall optical force
can completely cancel each other [34].

The initial demonstration of Brillouin scattering in silicon was shown in a hybrid structure
made out of a suspended silicon waveguide that guides the optical mode, with silicon-nitride
wings attached to the side to guide the acoustic mode [97] (figure 2.7 b). A demonstration of
Brillouin scattering in partially suspended nanowires made purely out of silicon followed
shortly after [98] (figure 2.7 c). The nanowires were supported by a several nm wide pillar
along the length of the waveguide and it could be shown that the acoustic leakage depends
critically on the size of that pillar. Another major challenge Brillouin scattering in silicon
is facing are nonlinear losses when operated at telecommunication wavelength of 1550 nm.
Two-photon absorption TPA, and more severely free-carrier absorption hinder high coupled
power levels and restrict the achieved Brillouin gain so far to a couple of dB [104].

In the following these initial platforms were further developed; for example, the silicon-
nitride wings from the initial experiment [97] were patterned to form a phononic crystal
[99] (figure 2.7 d) to guide the acoustic mode via Bragg reflections. By putting two silicon
waveguides next to each other this configuration allowed to send information via phonons
from one waveguide to the other. An all-silicon solution (without the silicon-nitride wings)
was presented in the following [101], that achieved for the first time significant net gain of
more than 5 dB in silicon (figure 2.7 f). The waveguide cross-section in this demonstration
was much larger than previous implementations to avoid the prohibitively large nonlinear
losses.
Even though being a major step forward, this demonstration was not the first to achieve a net
gain in silicon but followed a demonstration of SBS in fully suspended silicon nanowires
[100] (figure 2.7 e). These nanowires assembled most closely the initial theoretical proposal
[67], and showed for the first time that the Brillouin gain in silicon can overcome the linear
losses of the waveguides.

Further advancements in the field of on-chip SBS in silicon showed recently multi-mode
Brillouin interactions in all-silicon membranes with large waveguide core [103]. Another
interesting theoretical proposal investigates Brillouin scattering in thin silicon slot waveguides
on silica with a height-to-width aspect ratio of around 3:1 [105]. This geometry reduces the
velocity of the mechanical modes in the GHz frequency below that in the silica substrate,
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and hence leakage of the mechanical to the substrate is prevented. It is theoretically shown
that these waveguides can have large Brillouin gain coefficients for forward and interestingly
also for backward Brillouin scattering.
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2.2 Introduction to the fundamental physics of SBS

In this section, a phenomenological introduction to SBS is provided, with a deeper math-
ematical description following in section 3. It elaborates on the underlying physics and
important concepts to gain intuition for the complex interaction between optical and acoustic
waves. Requirements like the phase-matching condition and energy conservation will be
discussed as well as the important SBS gain coefficient, and the Brillouin spectrum will be in-
troduced. Parts of the following section are based on the review article by Merklein et al. [81].

Brillouin scattering - spontaneous light-sound interactions

The scattering of a photon from a thermally excited acoustic phonon is known as spontaneous
Brillouin scattering. The term spontaneous scattering means that the presence of the optical
field does not alter the response of the material in contrast to the case of stimulated Brillouin
scattering where the optical field induces and reinforces the acoustic wave.
There are other types of spontaneous scattering processes, such as Raman or (elastic) Rayleigh
scattering, however in the following we focus solely on Brillouin interactions. A schematic
description of these interactions is shown in figure 2.8.
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Fig. 2.8 a) Incoming plane wave scattering of a density / pressure wave, generating a backscat-
tered Stokes signal. Due to the Doppler shift the Stokes signal is at lower frequency. Inset:
Phase matching condition for Stokes scattering process. b) Same as a) but for the case of
anti-Stokes Brillouin scattering. The anti-Stokes wave has the higher frequency relative to
the pump wave. c) Scheme of a typical spectrum of spontaneous Brillouin scattering in
backreflection.
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Without loss of generality we consider plane optical and acoustic waves E(r, t),A(r, t) to
derive simple relations for the scattering frequencies and momenta from the diagrams shown
in figure 2.8. These plane waves can be written in the following form, and are mainly
dependent on the wave vectors βββ /q and the frequencies ωi /Ω for the optical and acoustic
wave, respectively:

E(r, t) = E0 · exp [i(βββ · r−ω · t)] (2.1)

A(r, t) = A0 · exp [i(q · r−Ω · t)] (2.2)

with E0 /A0 being the respective amplitude vectors and r/ t being the spatial / temporal
coordinates, respectively.
There are two types of secondary optical waves generated in the Brillouin process: the Stokes
and the anti-Stokes wave. The Stokes wave has a lower frequency relative to the optical pump
wave while the anti-Stokes wave is up-shifted in frequency (see figure 2.8). This frequency
shift can be associated with the Doppler shift of a wave that scatters of a moving object,
which is, in this case, the propagating acoustic density wave.
Both of the scattering processes have to fulfill stringent phase matching and energy conserva-
tion conditions. So does energy conservation require the frequency difference of the optical
pump wave ωp and the Stokes wave ωS (anti-Stokes wave ωaS) to be equal to the frequency
of the acoustic wave ΩB:

ωS/aS = ωp ∓ΩB (2.3)

Furthermore the wave vectors of the optical waves βββ p,S,aS and the acoustic wave q have to
add up to zero (see figure 2.8 a) and b)):

βββ S/aS = βββ p ∓q (2.4)

Here the momenta of the different waves are vectorial properties and hence have to be
added and subtracted vectorially. In waveguides, however, the scattering angle is restrained;
hence only forward or backward traveling optical modes are supported. In this case the
angle between the momenta vectors becomes either 0◦ or 180◦, simplifying the addition or
subtraction of the momenta.
If we assume a relative large waveguide cross-section relative to the wavelength in the
material (i.e. valid assumption for all waveguides used in this thesis) the dispersion relation
for acoustic phonons, that is the dependence of the frequency on the wavenumber, can be
assumed to be linear and is given by:

|q|= ΩB

vl
(2.5)
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with the longitudinal sound velocity in the material vl. The optical dispersion relation on the
other hand is given by the following expression:

|βββ |= n ω

c
(2.6)

where c is the speed of light in vacuum and n is the refractive index.
Let us consider for now a waveguide geometry that limits the propagation direction of optical
waves to one spatial axis. As the frequency difference ΩB between the optical pump ωp

and Stokes / anti-Stokes waves ωS/aS is very small (ΩB
ωp

≈ 20 ·10−6), the momentum of the
acoustic wave |q| is approximately given by |q| ≈ 2|βββ p| for the case of backward Brillouin
scattering. Hence the momentum transfer |q| is quite large in this case which is in stark
contrast to the case of forward Brillouin scattering.
With these considerations the Brillouin frequency shift in a waveguide is given by:

ΩB =
2 neff vl

λ
(2.7)

with the refractive index n replaced by the effective index of the waveguide neff and the
(optical) wavelength λ .

Stimulated Brillouin scattering - electrostriction and photoelasticity

In contrast to the spontaneous Brillouin scattering process described so far, stimulated Bril-
louin scattering is a two-way process [106, 107]: the optical wave changes the density of the
material, enforcing the acoustic wave via an effect called electrostriction, whereas the change
in density modifies the permittivity of the material, that is known as the photoelastic effect.
This change in permittivity on the other hand causes a back-action on the optical wave [108].
This two-way-interaction is schematically shown in figure 2.9.
An optical pump wave is coupled into a waveguide (figure 2.9 a). A small optical seed
wave is counter-propagating (the origin of this seed wave is not important for now and
will be discussed in more detail later in this chapter, section 2.2). The pump wave and
the seed wave form an interference or beat-pattern (figure 2.9 b). This interference pattern
is traveling with the speed of sound, instead of the speed of light, through the waveguide
and therefore is able to resonantly excite a density wave that also travels with the acoustic
velocity (figure 2.9 c). The frequency difference between the two optical waves is given
by the Brillouin frequency shift ΩB and hence momentum and energy conservation is obeyed.
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Fig. 2.9 a) An optical pump wave coupled into a waveguide with a counter-propagating
optical seed wave. b) The two counter-propagating waves form a interference / beat-pattern
with high and low intensities. c) If the beat-pattern from b) is strong enough and travels with
the speed of sound it excites resonantly an acoustic wave. d) The acoustic wave backscatters
the pump at the same frequency as the optical seed (Stokes) wave, which subsequently builds
up and hence forms a deeper interference pattern.

The intensity of the interference pattern has to be high enough to alter the density of the
material. Therefore, in contrast to the spontaneous light scattering described previously,
stimulated Brillouin scattering depends on the optical input power of the pump laser and
hence is a truly nonlinear optical effect. The build-up of the acoustic wave will lead to
Bragg reflections of the strong optical pump wave, but as the density wave is moving the
backscattered pump light is shifted in frequency. In fact, it is shifted by exactly the Brillouin
frequency shift ΩB. Hence energy is transferred from the pump to the optical (Stokes) seed
wave, which starts building up. The build-up of the Stokes wave leads to a deeper modulated
interference pattern, and the acoustic wave further strengthens (figure 2.9 d). The Stokes
wave is exponentially growing with increasing pump power, however, reaches a maximum
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when its power approximately equals the power of pump wave, which leads to depletion
of the later. Traditionally, this was an effect only seen in long lengths of fiber [23] as the
exponential build-up of the Stokes wave is not only proportional to the optical power of the
pump laser but equally depends on the length over which the Stokes wave can build-up.

A closer look at the two processes described above - i.e., electrostriction and photoelasticity -
will help to understand the main requirements a structure has to fulfill to serve as a platform
for SBS. Electrostriction describes how strong a material compresses under optical radiation.
To illustrate this effect, let us consider a material made out of electric dipoles. An incoming
electro-magnetic wave will cause the dipoles to oscillate, and the electro-magnetic wave
passes through the material with the speed of light, reduced by the optical refractive index
(figure 2.10 a). However, if two interfering optical waves form a beat-pattern in the material,
there will be regions of high and low intensity. In this case, electrostriction will generate
a force towards the high-intensity region (figure 2.10 b). This force will lead to a periodic
compression of the material, and a density wave is formed. On the other hand, a compression
of the material density is also accompanied by a change in the refractive index, that is the
photoelastic effect. The density wave hence generates a periodic change of the refractive
index, which is nothing else than a moving Bragg grating (figure 2.10 c). Hence the pump is
reflected due to the Bragg condition. However, as the periodic index modulation is moving
the reflected signal is shifted in frequency.
For this back-action to be effective, the structure needs to guide the acoustic wave as well as
the optical wave [109]. If there is no guidance, the acoustic mode leaks away and there is no
back-action or scattering of the pump wave ωp from the acoustic vibration ΩB. This puts
stringent requirements on the design of SBS devices. Hence a photonic-phononic waveguide
needs to exhibit a contrast in the refractive index as well as a difference in the speed of
sound in the core and the cladding of the waveguide [109] that ensures a mismatch in the
acoustic impedance (the sound velocity contrast can be treated as an acoustic analogue to
the refractive index contrast of an optical waveguide and will be discussed in more detail in
chapter 3).
As a note: Electrostriction is commonly known as a bulk effect, however, it was shown

that in small sub-micron structures the radiation pressure of the light at the interfaces of the
waveguide can also contribute to the generation of an acoustic mode [67]. It was theoretically
predicted that in a silicon nanowire the combination of the small mode area and the effect of
radiation pressure on the waveguide boundaries can lead to an enhancement of the Brillouin
interaction [67]. Whereas in the case of bulk electrostriction the photoelastic effect causes
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Fig. 2.10 a) Material made of dipoles (positive charge (’+’) surrounded by negative charge
(red circle)) and an optical wave. b) The material gets compressed via electrostriction induced
by an optical interference pattern. c) The electrostrictive forces induce a density wave that
leads to a periodic modulation of the refractive index.

a back-action of acoustic mode on the optical mode, in the case of radiation pressure the
back-action is caused by the moving boundaries of the waveguide.

SBS generation and amplification

So far, the origin of the small optical seed wave counter-propagating the pump was neglected;
however, there are three different SBS configurations that can be distinguished by the initial
optical waves, as shown in figure 2.11.
The first one is called SBS generator (figure 2.11 a). The SBS process starts from spontaneous
scattering of the optical pump from thermal phonons in the material. In this case, only an
optical pump wave is coupled in the waveguide as opposed to the SBS amplifier configuration
shown in figure 2.11 b). Here, a small Stokes seed is injected in the waveguide which is
then amplified via SBS. The third configuration is a Brillouin laser (figure 2.11 c), where
a cavity provides optical feedback to the Stokes wave. The Stokes wave starts oscillating
above a certain threshold, allowing for linewidth narrowing of the pump laser. The threshold
behavior and the narrow linewidth of the Stokes output, qualifies this configuration to be
termed "laser".
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Fig. 2.11 Different Brillouin configurations. a) Brillouin generator. b) Brillouin amplifier. c)
Brillouin laser.

A common metric to describe the efficiency of SBS and therefore characterize different
material platforms and waveguide architectures is the Brillouin gain G. It connects the power
of a Stokes seed P0(0) at the waveguide input with the Brillouin amplified Stokes wave at the
waveguide output PS(L) via PS(L) = P0(0) · eG, with the Brillouin gain G given by [108]:

G =
gB,wg P Leff

Aeff
(2.8)

With P being the power of the optical pump wave, Aeff the effective mode area and Leff the
effective interaction length, defined as Leff = (1/α) · (1− eα L) with the linear attenuation
coefficient of the material α and the physical length L. The Brillouin gain coefficient in a
waveguide gB,wg is given by [107, 75]:

gB,wg =
4 π n8 p2

12
λ 3

p c ρ0 ΩB ΓB
·η (2.9)

and depends on the material refractive index n, the elastooptic coefficient p12, the pump
wavelength λp, the speed of light c, the material density ρ0, the Brillouin shift ΩB , the
Brillouin gain linewidth ΓB and the acousto-optic overlap η .

SBS is a resonance effect and hence goes along with a strong amplitude and phase response
[108] (see figure 2.12). The Lorentzian amplitude response M(ω) is given by the following
equation [110]:

M(ω) = exp
{

G ·
Γ2

B
4 · (ωp −ΩB −ω)2 +ΓB

}
(2.10)

The width of the Lorentzian SBS gain bandwidth is in the order of several tens of MHz and
is inversely proportional to the lifetime of the acoustic wave. This narrow-band amplitude
response is utilized in many applications, from on-chip narrow linewidth filters to amplifiers
and lasers (see section 2.3).
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Fig. 2.12 a) Amplitude response of SBS. b) The according phase response of SBS.

The strong and narrowband amplitude response is accompanied by an equally narrow phase
response Φ(ω) (see figure 2.12 b). This phase response is given by [110]:

Φ(ω) =−G ·ΓB ·
ωp −ΩB −ω

4 · (ωp −ΩB −ω)2 +Γ2
B

(2.11)

The fact that the phase response occurs over a narrow frequency range can be harnessed as
selective RF phase shifter [111, 110, 112]. As the amplitude and phase response of SBS
only depend very little on the wavelength of the pump, SBS enables devices with ultra-wide
frequency tunability (see section 2.3).

Different types of Brillouin scattering

The final section of this chapter is dedicated to the different modes of Brillouin scattering.
So far we only described the effect of a backscattered Stokes wave, which is the type of
interaction most relevant to this thesis. However, other types of Brillouin scattering, such as
forward Brillouin scattering and intermodal Brillouin scattering, are interesting interactions
to study and play an important role in the field of Brillouin research. The most obvious
way to distinguish these three types of Brillouin interactions is by means of the respective
dispersion diagrams (figure 2.13).
The case of backward Brillouin scattering is shown in figure 2.13 a). The optical pump
and Stokes wave are counter-propagating, and the difference in momentum and energy is
provided by the acoustic wave. Importantly the dispersion relation of this acoustic wave is
linear and starts at the origin.
The situation is quite different in the case of forward Brillouin scattering (figure 2.13 b).
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Fig. 2.13 a) Dispersion curve for backward SBS. b) Dispersion curve for forward Brillouin
scattering. c) Dispersion curve for intermode Brillouin scattering.

Here, the dispersion of the acoustic wave is almost flat, resembling the optical phonons
involved in Raman scattering. The flat dispersion band also indicates that the acoustic mode
is only slowly moving in the direction of the optical pump and there is only a minimum
momentum difference between the pump and the Stokes wave. Hence forward Brillouin
scattering mainly involves transverse acoustic modes. Due to the flat dispersion band, the
scattering process starts cascading for higher power levels [113]. Furthermore, in the case
of forward Brillouin scattering there is no exponential energy transfer from the pump to
the Stokes wave but the acoustic wave has rather the effect of phase modulating the pump,
generating two sidebands. Hence the dynamics of forward Brillouin scattering exhibit many
similarities to Raman scattering.
The last case considered here is intermodal Brillouin scattering (figure 2.13 c). This scat-
tering process can occur in waveguides that support several different optical modes. In the
dispersion diagram shown in figure 2.13 c) the simple case of a birefringent waveguide with
a slow and fast axis is considered. Here Brillouin interactions can drive transitions between
the two different optical dispersion branches.

In this section, the underlying physical concepts and properties of SBS were introduced. In
the next section, we see how these properties, such as, e.g., the narrowband SBS gain and
phase response, can be harnessed in a manifold of applications.
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2.3 Applications of SBS

This chapter gives an overview of the applications of SBS with the main focus on applications
of on-chip SBS. Many applications were initially developed in optical fiber and were just
recently transferred to chip-scale devices. On-chip SBS not only provides an overall smaller
footprint and lower energy consumptions but, due to the higher local gain, also enables
applications not feasible in an optical fiber.
The applications of on-chip SBS are spanning over a wide field ranging from optical signal
processing, laser sources, microwave photonics and sensing. The last section of this chapter
gives an overview of techniques to suppress or mediate SBS; here SBS is not an application
in itself but a problem that has to be addressed and solved. In this sense, SBS indirectly
played a major role for many applications of photonics, such as telecommunications, as the
success of many demonstrations critically depends on the ability to mediate distortions or
power limitations caused by SBS.
As with the previous chapter, main parts of the following sections are based on review paper
[81], however, more recent applications are added, broadening the scope to include Brillouin
lasers, sensors, and signal processors.

Brillouin CW laser sources

Researchers recognized early that SBS could be used to generate narrow linewidth lasers
[35]. A Brillouin laser consists of a feedback loop for the generated Stokes wave which leads
to stable oscillations inside this cavity. This type of oscillator is termed Brillouin laser as it
resembles many features of a conventional laser, such as: 1.) The oscillating Stokes wave
shows a clear threshold behavior as it is common for a laser. 2.) It narrows the linewidth
of the pump laser producing an output with higher coherence than the pump. There are,
however, also subtle differences to a conventional laser as there is, for example, no population
inversion.
The Brillouin laser is a powerful concept due to several advantages; it can be realized in a
fiber loop or more recently in a chip architecture without the requirement of an additional
gain medium (such as, e.g., doping of the medium) as it feeds purely from the intrinsic
Brillouin gain. The linewidth narrowing effect - that results from an interplay between cavity
feedback and the acoustic mode that generates the Stokes wave - can be exploited to purify a
lower quality pump laser signal and generate a highly coherent output [114–117]. This effect
makes this laser concept not only interesting for telecommunication applications at 1.55µm,
where higly coherent lasers are required, but also for wavelength regions where highly
coherent laser sources are not readily available. Here the Brillouin laser is not restricted to
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Fig. 2.14 a) Brillouin laser threshold and 30% slope efficiency. The inset shows the laser
pump and Stokes spectrum [80]. b) Brillouin laser linewidth narrowing of the Brillouin laser
(red curve) of the pump laser (blue curve). Further narrowing is achieved when the laser gets
locked to a second microcavity (black curve) [89]. c) Phase noise of pump laser, Brillouin
laser and stabilized Brillouin laser [89].

the availability of energy levels of possible dopants in a material. Of particular interest are
longer wavelengths, such as, e.g., 2µm and beyond, where it is notoriously challenging to
generate highly pure signals [118]. Here, the Brillouin laser approach has the potential to
have a large impact performing spectral purification.
The concept of the Brillouin laser was demonstrated on chip-scale platforms such as planar
chalcogenide waveguides [119] and high-Q resonators [120, 89, 121, 88]. In the former, an
optical fiber feedback loop that includes a high Brillouin gain waveguide is used to achieve
Brillouin lasing. The power threshold and the slope efficiency of this approach are shown
in figure 2.14 a). Furthermore, linewidth narrowing below the intrinsic Brillouin linewidth
could be observed.

The second platform to realize on-chip Brillouin lasing is based on high-Q resonators,
where the FSR matches the Brillouin frequency shift. The high-Q value allows very narrow
linewidth Brillouin lasing as it can be seen in figure 2.14 b). Here the architecture of the
laser not only relies on a Brillouin active resonator but also includes a second resonator for
further stabilization. The effect of this second resonator on the reported linewidth narrowing
becomes more clear when looking directly at the phase noise properties of the Brillouin laser
(figure 2.14 c). As one can see, a laser with the Brillouin active resonator only effectively
suppresses high-frequency noise due to the slow response of the acoustic wave that transfers
the energy from the optical pump to the optical Stokes wave. However, the low-frequency
noise is still present (figure 2.14 c). Here, locking the laser to a second resonator can suppress
the low-frequency noise, therefore, stabilizing the Brillouin laser output.
Recently a different class of on-chip "Brillouin lasing" was investigated [122, 123]. In
contrast to the previous demonstrations the optical linewidth of the resonator is not narrower



34 Historical background, fundamentals and state-of-the-art

than the acoustic Brillouin linewidth - or in other words, the photon lifetime in the resonator
is shorter than the phonon lifetime. Hence there is no narrowing of the optical Stokes wave
but a narrowing of the acoustic mode. This behavior resembles the phonon laser regime that
has been shown in a resonator previously [124], however, can be distinguished from this
earlier demonstration as here the coherent phonon does not make a full round trip in the
resonator and hence does not start oscillating.
At the last note two further laser sources will be mentioned briefly, even though both have
not yet been shown on a chip - a Brillouin distributed feedback (DFB) laser [125, 126]
and random Brillouin laser [127–129]. The Brillouin DFB laser relies on the interplay of a
Bragg grating that provides feedback and Brillouin gain. The used Bragg grating is usually a
π-phase-shift grating to achieve a sharp resonance. The pump is aligned in a way that the
Stokes wave falls into this resonance, and the output is a stable single frequency laser mode.
The possibility of an on-chip Brillouin DFB laser was theoretically investigated for highly
nonlinear chalcogenide chips [130], however, the influence of other nonlinear effects (e.g.,
4WM) in the waveguide and thermal effects due to the high power build-up in the resonance
structure turned out to be a nuisance and inhibiting factor so far.
A random Brillouin laser, compared to all the previously described Brillouin lasers, does not
rely on an external cavity to provide feedback but relies on a random feedback mechanism
through scattering events and multi-path interference in the scattering medium. No alignment
to a cavity is required and laser speckles are not observed in random lasers making it a robust
source for imaging [131]. So far this kind of Brillouin laser has not yet been shown on a
chip.

Brillouin based pulsed laser sources

In the previous section SBS based continuous wave (CW) lasers were introduced. However,
SBS can also be utilized to generate pulsed laser sources, which we want to describe in this
section. These laser pulses are generated via cascading the Stokes wave generation, forming
a BFC [132–134]. Chip-based BFCs are discussed in more depth in chapter 5, so this section
serves as a first introduction and provides an overview.
Compact integrated frequency comb sources are highly desirable for many applications
ranging from arbitrary waveform generation [135], spectroscopy [136] to advanced telecom-
munication schemes [137]. Cascading SBS enables the generation of highly coherent
frequency combs with GHz repetition rate [133, 134].
Cascaded SBS occurs when the power of the first Stokes wave exceeds the SBS threshold
PSBS generating a second order Stokes wave shifted by 2Ω away from the pump ωp. A
further increase in pump power Pp can then lead to the generation of even higher order Stokes
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Fig. 2.15 a) Highly nonlinear fiber cavity (top). Generated BFC [134]. b) Pulse train
generated using forward scattering in PCF [139]. c) Frequency comb generated via acoustic
modulation instability in PCF [140].

waves [138]. However, as the generation of the first Stokes wave in a chip scale device is
already challenging (as the SBS gain G is proportional to the interaction length L), cascading
SBS requires a further enhancement of the intrinsic SBS gain.
One approach is to use resonators, which significantly lowers the power requirements for the
cascading process [84, 138, 88]. It has been shown that a frequency comb could be generated
in a 5 cm highly nonlinear fiber Fabry-Perot cavity [134]. The fiber cavity and the generated
frequency comb is shown in figure 2.15 a).
The frequency comb generated in figure 2.15 a) is based on cascaded backward scatter-

ing. On the other hand, there are also approaches based on forward Brillouin scattering
[141, 139, 140]. As described in section 2.2 forward Brillouin scattering is more prone to
cascading due to the flat dispersion relation [113]. These Brillouin comb demonstrations
rely on fiber ring cavities including a PCFs, which allow for strong Brillouin interactions. In
this configuration forward Brillouin scattering from transverse acoustic modes is generating
several sidebands. A pulse train generated by Brillouin interactions in a PCF is shown in
figure 2.15 b). The effect of acoustic modulation in a PCF inducing a Brillouin laser with
1.15 GHz line spacing is shown in figure 2.15 c).
In chapter 5 it will be shown that integrating a Bragg grating into a highly nonlinear chalco-
genide waveguide can significantly increase the cascading process [33]. A frequency comb
with up to 15 comb lines was generated through cascaded SBS by harnessing the enhance-
ment effect of a multi-stopband grating in a 6.8 cm chalcogenide chip. These on-chip BFCs
were further characterized in the time domain, showing that the comb modes are equally
spaced with a stable phase-relationship [132, 133].
Coherent on-chip frequency combs are of great interest because of their line spacing in the
GHz range and the fact that they are phase locked [133]. Furthermore, it is known that
SBS can suppress the pump phase and amplitude noise [114]. Reducing the noise with
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a) b) c)

Fig. 2.16 a) Principle of an SBS based microwave source harnessing a high-Q resonator [90].
b) Generated Brillouin spectrum showing the first and second order Stokes waves [90]. c)
Narrow linewidth microwave output generated by beating the first and third order Stokes
wave on a photodetector (resolution bandwidth (RBW) of 1Hz) [90].

every cascaded Stokes wave is expected to lead to a low-noise BFC with high stability and
great spectral purity. These are desirable properties for low noise on-chip optical-to-digital
synthesizers and chip-scale microwave generators.

Brillouin based microwave sources

Brillouin scattering did not only find applications as laser sources but was also used to build
microwave sources. As in the case of laser sources, SBS can lead to very pure oscillations
in the microwave domain, leading to low phase noise sources. A manifold of microwave
sources harnessing SBS in fiber has been demonstrated, ranging from beating the generated
Stokes wave with the pump wave [142], using SBS to select certain spectral lines of a
frequency comb [143] to OEO configurations [144]. In this section, however, we will limit
our considerations to chip-based approaches.
As emphasized in the previous section, cascaded SBS leads to several spectral lines with
a characteristic line spacing of several GHz. Beating these spectral components on a pho-
todetector, therefore, leads to a microwave signal, making SBS a predestine candidate for
microwave synthesizing [84, 90, 91]. The backbone of these three demonstrations are ultra-
high-Q microresonators. The Q-factor of on-chip silica resonators exceeds several hundred
millions [85]. These high-Q microresonators led to the first demonstration of a chip-based
microwave source with record low white phase noise (-160 dBc Hz−1) [90]. A basic scheme
of such a microwave synthesizer is shown in figure 2.16 a).
The microresonator used in this demonstration has a diameter of around 6 mm, matching the

FSR and the Brillouin shift of 10.8 GHz in silica [90]. The generated first and third order
Stokes wave (figure 2.16 b)) were beat on a photodetector to generate the microwave signal
[90]. The upper box in figure 2.16 a) can be seen as the photonic analog of an electrical
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voltage controlled oscillator (VCO). By using f / N frequency dividers microwaves with
almost any frequency smaller than the 21.7 GHz (the frequency difference between the first
and third Stokes wave) can be generated. Measurements of the RF spectrum of the microwave
synthesizer in closed feedback loop operation reveal a very narrow linewidth [90] (figure
2.16 c)). A photonic microwave synthesizer has the great advantage over electronics that the
phase noise performance does not degrade with increasing frequency.
It was shown that the performance of the microresonator SBS based microwave source can
be further improved by using frequency division [91]. Here, two very stable Brillouin lasers
generate a high frequency signal that is divided down to RF frequencies. Hence the phase
noise of the signal is divided as well, leading to record low noise RF signals.
In chapter 6 in this thesis an approach of harnessing on-chip SBS in an OEO configuration is
presented. The advantage of this approach is the ultra-wide frequency tunability while still
maintaining low phase noise [145].

SBS in microwave photonics

SBS has not only great potential as microwave sources but also many different applications in
the field of microwave photonics (MWP) in general. It allows microwave signal processing
with unprecedented performance. In particular the wide bandwidth photonics is able to
provide leads to widely tunable devices at high RF frequencies, something hard to achieve
in electronics. Also the ability to generate SBS in chip-scale devices boosted the field even
further as it promises compact light-weight devices with increased power efficiency.
This section provides an overview of on-chip SBS applications in this field with particular
focus on microwave filtering - i.e. manipulating the amplitude of a given RF signal - and
microwave phase-shifting, i.e. controlling and manipulating the phase of a given RF signal.

The narrow linewidth of SBS is particularly well-suited for the implementation of narrowband
MWP filters. The low wavelength dependence of the SBS process ensures that the filter
shape is not changing when the frequency is tuned over a wide RF frequency range [82].

The most straightforward approach of an SBS based microwave filter is to exploit the
narrowband SBS gain or loss resonance to manipulate the amplitude of an optical sideband
that is generated via a modulator and carries the RF signal in the optical domain (see figure
2.17 a) bottom) [78, 146]. Even though achieving MHz reofsolution, the disadvantage of this
direct approach is that it requires high power to achieve a high suppression, as it can be seen
from figure 2.17 b).
A more recent architecture uses a dual-parallel Mach-Zehnder modulator to shape the modu-
lation sidebands in a way that they are in anti-phase with unequal amplitudes [82]. An SBS
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Fig. 2.17 a) Basic principle of a microwave photonic link (middle), a conventional SBS
microwave filter (bottom) and a cancellation based technique (top) [82]. b) Comparison
of extinction ratio and power consumption of the techniques shown in (a) [82]. c) Two
waveguides transversely connected via a phononic crystal structure that allows sending
phonons from one waveguide to the other [99]. d) Resulting bandpass filter shape from the
structure presented in (c) [99].

resonance is then used to equalize the amplitudes (figure 2.17 a) top) such that, after photode-
tection, destructive interference results in an ultra-high suppression notch (>50 dB)(figure
2.17 b)). The main advantage of this technique is that even very low levels of SBS gain
(≤ 1 dB) can be exploited to achieve ultra-high suppression notch filter. It makes this approach
well suited for on-chip implementation, where it was demonstrated first in chalcogenide rib
waveguides [82] and, more recently, in suspended silicon nanowires [147].
The biggest advantage of MWPs over conventional electronics is the wide frequency tun-
ability of optics. Frequency tuning over 30 GHz while maintaining a suppression of more
than 50 dB and frequency selectivity of tens of MHz has been shown [82]. The frequency
tunability was achieved by simply tuning the frequency of the SBS pump laser relative to the
optical carrier frequency and is in principle only limited by the bandwidth of the modulator
and the photodetector.
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However, on-chip SBS microwave filters are not limited to narrow bandwidth notch filters,
and broadband microwave filter with a bandwidth much wider than the intrinsic Brillouin
gain linewidth could be demonstrated [148, 149]. In these demonstrations the optical pump
spectrum is broadened to achieve a broadband Brillouin response [148, 149]. As the pump
wave is spectrally broadened much more pump power or Brillouin gain is required to achieve
the same performance. Here, chalcogenide chips have an advantage over fiber implemen-
tations as they can provide Brillouin gains of over 50 dB in about 20 cm long waveguides
[149].
A different approach to generate an MWP filter was demonstrated in 2015 showing a band-
pass filter in a silicon/ silicon-nitride hybrid structure [99]. A scheme of the structure and the
basic operation principle is shown in figure 2.17 c). Here two waveguides in close proximity
act as a photonic-phononic emitter-receiver structure. Phonons travel from the ”emitter”
optical waveguide to the ”receiver” waveguide and are imposing sidebands on an optical
carrier wave. The phononic response is then used to generate a narrow bandpass filter with a
linewidth of only 3.15 MHz and an impressive suppression of over 70 dB [99] (figure 2.17 d)).

We have seen in the previous section that the SBS gain can be used to achieve MWP filters.
However, as SBS is a resonant process, there is not only an amplitude response but also a
change in the phase [108] (compare previous chapter 2.2 on the fundamentals of SBS). This
phase response was harnessed to demonstrate an SBS based on-chip phase shifter [111]. Due
to the narrow linewidth of the SBS resonance, only the phase of the carrier is changed without
effecting the sidebands. Phase shifters are important building blocks of RF communication
schemes and phased-array antennas. Most applications require the phase shifter to fulfill
certain properties, i.e., ideally a fully tunable 0◦−360◦ phase shift that can be applied over a
frequency range of several GHz and importantly has a flat amplitude response. The latter is
extremely challenging to achieve in on-chip architectures, which are usually based on ring
resonators [150, 151] or Bragg grating resonances [152]. By utilizing the SBS gain and loss
response simultaneously, a flat amplitude response can be achieved [111]. This concept was
first introduced by Loayssa and Lahoz in long lengths of optical fiber [112]. Applying this
concept in a chalcogenide chip, therefore, reduces the footprint significantly and makes it
accessible for further integrated on-chip operations [111].
The concept of the SBS on-chip phase shifter is illustrated in figure 2.18 a). Two optical
pumps are used to induce an SBS gain (Stokes) resonance and an SBS loss (anti-Stokes)
resonance. It can be seen from the illustration that this leads to the cancellation of the
amplitude response while the phase response adds up [111, 110, 112]. Figure 2.18 b) shows
the continuous tunability of the phase shift over 240◦ over a wide frequency range with a flat
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a) b)

Fig. 2.18 a) Basic principle of a microwave phase shifter based on SBS. The amplitude
response cancels while the phase response adds up [111]. b) Frequency tunability of an SBS
phase shifter [111].

amplitude response [111].
One advantage of using SBS as a phase-shifter is that the dispersive response can be fully

controlled by the external pump and probe laser. Hence one does not rely on, e.g., a fixed
structural resonance. So it could be shown that by broadening the pump an SBS phase shifter
over a broad bandwidth could also be achieved [153].

SBS for sensing

The commercially most advanced technology relying on SBS today is sensing. As the
Brillouin shift ΩB is sensitive to both, strain and temperature, different techniques to exploit
this dependency for sensing were developed. The Brillouin shift ΩB is given by equation 2.7
depending on the effective refractive index neff, the acoustic sound velocity va and the optical
wavelength of the pump laser λ . In particular, relying on fiber and telecommunications
components only enabled a swift transition from the lab to field applications. Importantly, it
allows sensing temperature and strain variations in a distributed fashion, meaning it can be
used for structural health monitoring in long pipelines, bridges, buildings, airplane wings, etc.
Over the years different techniques were developed to increase the spatial resolution of this
sensing technology. These techniques can be categorized in time domain measurement or fre-
quency domain measurements and are known as Brillouin optical time-domain reflectometry
(BOTDR) [154, 155], Brillouin optical time domain analysis (BOTDA) [156–160], Brillouin
echo distributed sensing (BEDS)) [161–165], Brillouin dynamic grating distributed sensing
(BDG-DS) [166–168], Brillouin optical frequency domain analysis (BOFDA) [169, 170] and
Brillouin optical correlation domain analysis (BOCDA) [171–173].
Recently a BOCDA based sensing technique was brought to chip-scale devices [174, 175].
Figure 2.19 shows a measurement of a silica and a chalcogenide spiral waveguide, respec-
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a) b)

Fig. 2.19 a) BOCDA measurement of a 46.8 cm long silica spiral waveguide [174]. b) Scan
along 4 cm spiral chalcogenide waveguide. Variation of the Brillouin frequency shift (BFS)
can be assigned to effective refractive index variations in the chalcogenide waveguide [175].

tively. This transition from several meters to kilometers long fibers to chip scale waveguides
was enabled by improvements in spatial resolution with the record resolution for a Brillouin
sensor recently shown in a chalcogenide waveguide. To achieve resolutions of mm and
below a correlation domain measurement technique was used. The technique is based on
frequency or phase modulating a pump and probe signal in a way that only a very localized
correlation peak in the sample forms from where the Brillouin amplification is measured.
The resolution in this technique depends crucially on the modulation bandwidth of the pump
and probe signal to form the spatially most localized correlation peak. A variation of this
technique was proposed and demonstrated in optical fiber based on a broadband random
source [173] instead of modulating a narrowband laser. The broad white noise source is split
into two paths - pump and probe - and due to its random nature, a localized correlation peak
is formed where the time-of-flight between pump and probe arm coincide. This point can
then be scanned through the device under test via an optical delay line in one of the arms.
This approach enabled the first sub-mm resolution of a Brillouin sensor, fully mapping the
fabrication uniformity of an integrated chalcogenide waveguide (figure 2.19 b) [175].
Bringing Brillouin sensing techniques on a chip has a manifold of applications. Not only

does it allow to locally measure the interaction strength between acoustic and optical waves,
but can also function as a powerful characterization tool for integrated circuits in general.
Fabrication uniformities of the waveguides but also local hotspots or temperature gradients
can be revealed.

Optical signal processing based on SBS

SBS also has a variety in optical signal processing. The most prominent are Brillouin based
amplifier and filter [176]. Here the large amplification over a narrow bandwidth turns out to
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be advantageous with many studies conducted to understand and quantify induced noise in
the amplification process from spontaneous Brillouin scattering [177]. Recently the ability to
act as a filter and amplifier at once - an active filter - was harnessed in a telecommunication
to purify a frequency comb source [178]. Most of these applications were so far fiber based
but have great potential to be implemented in chip scale structures.
Another SBS application that caused great interest are SBS based delay lines [179, 180]. The
group velocity of a laser pulse is slowed down in the vicinity of the SBS gain resonance as
a consequence of the Kramers-Kronig relationship (details of the underlying physics will
be given in chapter 4.2). SBS slow-light is particularly interesting as it operates at room
temperature, is fully realized in standard communication components and gives control over
the delay by adjusting the external pump power. Even though sparking lots of research
interest the fractional delay, i.e., how many pulse widths a signal can be delayed, could not
significantly overcome the deadlock of a few pulse widths [181]. A technique to overcome
this limit is presented in chapter 7. A more detailed foundation of slow-light and its different
flavors (structural slow-light, SBS slow-light) will be given in chapter 4.2. Also, the ability of
slow-light to not only slow-down light signals but to enhance nonlinearities will be discussed
in chapter 5.

SBS as a nuisance

As a final remark in this section, an overview is given of the importance of mediating SBS
in telecommunications and the efforts undergone to mediate the effect. The detrimental
effects SBS has on fiber communication was already pointed out in the first SBS in fiber
paper [23]. As the SBS threshold in long lengths of optical fiber can be as low as a couple of
mW it becomes a limiting factor on the power and therefore the distance one can send data
[182, 24].
Different techniques were developed to mediate the effects of SBS and to increase the
threshold. One powerful method is to frequency modulate or dither the pump wavelength
[24]. The broadened spectrum of the pump increases the Brillouin threshold significantly. A
measurement of a transmission link with and without SBS suppression using pump dithering
is shown in figure 2.20 a). Furthermore fibers were developed with a non-uniform core
diameter [25] or non-uniform doping concentration [26] which also increases the Brillouin
threshold. The effect of these two approaches on the Brillouin threshold are shown in figure
2.20 b) and c), respectively. Also combinations of the previous described techniques were
investigated, e.g. applying a temperature gradient to a fiber with a non-uniform core [32].
Another way to get around limitations through SBS is by using very short data pulses, hence
the spectrum of the pulses exceeds the Brillouin linewidth and an increase in threshold can
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be observed. Other approaches were relying on dividing the fiber in segments and including
isolators to avoid a build-up of the Stokes wave, applying non-uniform heat or strain to
fiber-spools. The non-uniform strain or temperature profile will cause a shift in the Brillouin
frequency along the fiber (see equation 2.7) and therefore circumvents the build-up of a
strong Stokes wave [31, 30]. The effect of applying strain to the fiber on the Brillouin
threshold is shown in figure 2.20 d) with the inset showing the broadening of the Brillouin
gain spectrum by the applied strain. Lastly it was theoretically predicted that Bragg gratings
along a fiber are able to fully suppress SBS if the Stokes wave falls inside the stopband
[29]. This approach was recently experimentally demonstrated in integrated waveguides (see
chapter 5 and reference [33]). Besides being well known as a nuisance in telecommunication
SBS also plays a crucial role for high-power lasers and amplifiers [28, 27]. Here similar
techniques can be applied as described above.
Recently, it was shown that in waveguides with small cross-section the bulk elasto-optic
effect and the moving boundary effect can completely cancel each other and hence suppress
the SBS [34].
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a) b)

c) d)

Fig. 2.20 a) Degradation of signal in transmission link due to SBS (dotted lines) compared
to the case with SBS suppression using pump dithering [24]. b) Increased SBS threshold
for fiber with non-uniform core radius (A). Point (B), (C) and (D) show a dispersion shifted
fiber, pure silica core and non-dispersion shifted fiber, respectively [25]. c) Typical SBS
threshold measurements for normal fiber and fiber with non-uniform doping concentration
and increased SBS threshold [26]. d) Backscattered Stokes power for an unstrained fiber and
a fiber with a linear strain. The by the strain broadened Brillouin gain spectrum is shown in
the inset [30].



Chapter 3

Light interacting with acoustic waves -
Stimulated Brillouin scattering

This chapter describes and derives the fundamental equations underlying the interaction
between optical and acoustic waves. The chapter is divided into three parts: The first part
starts with a description of propagating optical waves and optical waveguides and gives
a short introduction into nonlinear optics. The second part describes acoustic waves and
acoustic waveguides. The analogies to optics are emphasized whenever possible. The final
part of the chapter couples optical and acoustic waves, providing the underlying equations
for SBS.

3.1 Propagating optical fields

First, the propagation of optical waves is described. Therefore we start from Maxwell’s
equations and derive the optical wave equation. The here presented derivation is kept fairly
compact, and the reader is referred to standard optics textbooks, such as [108, 183, 184], for
a more detailed derivation.
The Maxwell equations describing electric and magnetic field vectors E and H, respectively,
have the following form:

∇ ·D = ρ (3.1)

∇ ·B = 0 (3.2)

∇×E =−∂B
∂ t

(3.3)

∇×H =
∂D
∂ t

+J (3.4)
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With the electric field vector E being connected with the electric displacement field D via
the relation D = ε0E+P, where P is the polarization vector and ε0 the vacuum permittivity.
The magnetic auxiliary field vector H is connected with the magnetic field B, in the case of a
nonmagnetic material, via B = µ0H, where µ0 is the vacuum permeability. Furthermore the
free charge density ρ and the free current density J were introduced in equation 3.1 and 3.4,
respectively.
In all the relevant cases considered in this thesis we can assume the absence of any free
charges and free currents, and hence J = 0 and ρ = 0. To attain the first intuition for the
propagation of optical waves, and optical waveguiding in general, we will also neglect the
polarization vector P for now. However, we will see later that P plays a crucial role in the
nonlinear optical response of a medium and the coupling between optical and acoustic waves.
The wave equation can be derived in a straightforward way from Maxwell’s equations by
taking the curl of equation 3.3 and inserting it in 3.4. After using the definitions given in the
previous paragraph, the assumption of a uniform material so that ∇D = 0 implies that also
∇E = 0, and some basic calculus, one receives the wave equation for optical waves in free
space:

−∇
2E+

1
c2

∂ 2E
∂ t2 = 0 (3.5)

with the speed of light c that is given by c = (ε0 µ0)
−1/2. Equation 3.5 describes the

propagation of optical waves in free-space. A common solution to the wave equation are
plane waves.

E(xi, t) = E0,j · exp{i(ki xi +ω t)} (3.6)

with the three space coordinates xi, the amplitude vector E0,j with the different polarizations
j, the wave-vector k (often simply referred to as "k-vector") and the frequency ω . After we
know now how to describe the propagation of light, we will have a closer look at structures
that guide light, i.e., optical waveguides.

3.1.1 Guided optical waves - an introduction to waveguides

Guiding light in waveguides can be seen as one of the biggest technological breakthroughs in
the 20th century, today underpinning the Internet and any long-haul communication around
the globe. Besides using optical fibers to send information over long distances, routing,
controlling and manipulating light in integrated photonic circuits on chips is increasing
steadily in importance.
In this section, the fundamentals of guiding optical waves is presented. The biggest difference
to free-space propagating is that in a waveguide the optical waves are restrained in transverse
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Fig. 3.1 a) Slab waveguide where the optical mode is confined in a plane of high index
material. b) Rib waveguide with the optical mode confined in the high index material rib
[75]. c) A strip waveguide. d) An optical wire that can be embedded or suspended in air
[185]. e) An optical fiber most commonly made out of silica glass. The guidance is achieved
by doping the fiber core to achieve a larger index (with the most common used dopant being
Germanium). f) PCF, where the waveguide core is surrounded by air holes [50].

direction by the boundary conditions imposed by the waveguide geometry. These boundary
conditions led to the concept of optical modes. A mode is defined by its transverse profile
and a polarization direction and does not change along the waveguide (assuming there is no
perturbation that induces coupling between separate modes). A few examples of common
waveguides are shown in figure 3.1, a slab waveguide, a rib or ridge waveguide, a strip
waveguide, an optical wire, the optical fiber (that is the most ubiquitous waveguide) and a
PCF.
The waveguides shown in figure 3.1 are dielectric waveguides where guidance relies on total
internal reflection. For a general dielectric waveguide the core is made out of a material with
a higher refractive index than the cladding material. In the case of the optical fiber, which is
the by far most common waveguide structure, this index contrast is achieved by doping the
fiber core with germanium.
To introduce a few of the key terms, relations and definitions of guided wave optics it is
convenient to look at the most simplistic case first, that is two reflecting plates in the xz-plane
that confine an optical wave in the y-direction (see figure 3.2 a)). The intention of this section
is to provide an intuition to waveguides and to provide the necessary nomenclature and
background to understand SBS in waveguides. For a more detailed description of guided
optics the reader is referred to standard textbooks such as e.g [183].

Let us start with considering an optical plane wave traveling between the two reflecting
plates in the xz-plane shown in figure 3.2 a). From here one obtains in a straight forward
manner the self-consistency condition given by the confinement of the optical wave in
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Fig. 3.2 a) Schematic of two reflecting plates in the xz-plane. b) Visualization of the NA and
hence the acceptance angle when coupling into a waveguide.

y-direction [183]:

sinΘm = m
λ

2d
(3.7)

with the optical wavelength λ , the distance between the two reflecting plates d and the
reflection angle Θm (compare figure 3.2 a)). The distinct modes are numbered using the
integer m in equation 3.7. The name ”self-consistency condition” arises from the fact that it
ensures constructive interference between the incoming wave and the reflected wave in the
guiding structure (including all phase shifts occurring on reflection).
Furthermore we see from figure 3.2 that the k-vector of the electro-magnetic plane wave can

be separated in two components, the transverse vector kt,m and the propagation vector βββ m,
that points in z-direction (see figure 3.2a). The two quantities have the following form:

|kt,m|= m
π

d
(3.8)

|βββ m|2 = |k|2 − m2π2

d2 (3.9)

In the case described so far, the optical wave is traveling in z-direction, confined in y-direction
and with the electric field pointing in the x-direction; the optical waveguide mode is therefore
referred to as a transverse electric (TE) mode. A very similar treatment applies for the case
with the magnetic field in x-direction, which is commonly referred to as transverse magnetic
(TM) mode.
The two reflecting plates approach gives a good intuition for optical waveguiding, however
in reality optical waves are almost always guided in dielectric waveguides. Here a waveguide
core is formed by a high index material and the optical wave is guided via total internal
reflection at the interface between the high index material waveguide core and the lower
index material cladding. The formalism to describe dielectric waveguides is quite analogue
to the description given in the previous paragraphs. The guiding is still based on reflection,
with the main difference being that the reflected wave not necessarily experiences a π phase
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Fig. 3.3 Right- and left-hand-side of self-consistency condition for a dielectric waveguide.
The waveguide modes are given by the intersection points.

shift but a phase shift ϕ that depends on the angle and polarization of the electro-magnetic
wave. As a consequence the self-consistency condition 3.7 is modified (here given for a TE
mode) [183]:

tan
(

π
d
λ

sinΘ−m
π

2

)
=

(
sin2

Θc

sin2
Θ

−1
)1/2

(3.10)

where Θc is the critical angle. A plot of equation 3.10 is shown in figure 3.3 assuming a
wavelength λ of 1.55µm and a waveguide height d of 3µm. As one can see in figure 3.3
several optical modes fulfill the self-consistency condition 3.10 (intersection points in the
graph). In this case the waveguide is considered a multi-mode waveguide for the considered
wavelength.

After describing the guiding mechanism one has also to consider how to couple light into the
guiding structure. There is a maximum acceptance angle Θa under which light is coupled
into the waveguide (see figure 3.2 b)). The sinus of this angle is known as the numerical
aperture (NA). From straightforward geometric considerations, one finds that the numerical
aperture (NA) can be simply written as the difference in terms of the refractive index of the
waveguide core n1 and the cladding n2. The relationship has the following form:

sinΘa = NA =
√

n2
1 −n2

2 (3.11)

When coupling light into a waveguide one has not only to consider the maximum acceptance
angle Θa but also ensure that all external fields match the field of the guided mode at all
boundaries. This requirement is termed ”mode matching”. Hence a description of the
transverse mode field in the waveguide is required. To describe the propagation of optical
fields in a waveguide we start from the wave-equation 3.5. As an ansatz to solve said equation
we separate the variables of the optical field in a transverse electric field components E(x,y)
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and a propagating plane wave in z-direction:

E(x,y,z, t) = E(x,y) · exp{i(βm z+ω t)} (3.12)

Here βm is the z-component of the propagation vector βββ m we introduced earlier. Inserting
the ansatz 3.12 into the wave equation 3.5 leads to the following equation, which is known as
the Helmholtz equation:(

∇
2 −β

2
m +n2

2
ω2

c2

)
E(x,y) = 0 ⇒

(
∇

2 − γ
2
m
)
E(x,y) = 0 (3.13)

Here we introduced:

γ
2
m = β

2
m −n2

2
ω2

c2 = β
2
m −n2

2k2
0 (3.14)

For guided modes we find: βm > n2k0 and hence γ2
m > 0. Consequentially, this solution of

equation 3.13 is proportional to an exponential decay ∝ exp(−γm(x+ y)) in the cladding re-
gion. In other words, the optical mode is guided inside the waveguide core with exponentially
decaying evanescent components in the cladding.

3.1.2 Nonlinear optics

So far we have not considered the response of the waveguide medium to the electric field,
which we will now introduce and include in our description. The key parameter to consider
is the polarization vector P that is related to the electric field E and the displacemt field D
via P = D− ε0E.
For large intensities this polarization vector starts to depend in a nonlinear way on the electric
field vector E. It is often convenient to separate P in a linear and a nonlinear part:

P = PL +PNL (3.15)

with PL depending linearly on the electric field and PNL describing the nonlinear response
of the medium. Taking into account the polarization P we can derive the wave equation in an
analogue way to the previous derivation and receive:

−∇
2E+

1
c2

∂ 2E
∂ t2 =− 1

ε0c2
∂ 2P
∂ t2 (3.16)

This version of the wave equation has an additional term on the right hand side, that includes
the polarization P. This term can be identified as a driving term. This driving term becomes
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important later when we introduce coupling between optical and acoustic waves. Before
describing this coupling in more detail we will have a closer look at the polarization term P
in general as it is the crucial quantity to describe nonlinear optical effects.
The induced polarization P is connected to the electric field E via the following relation:

P(t) = ε0χ
(1)E(t) (3.17)

where χ(1) is the (linear) susceptibility. However, this model can be extended to also capture
the nonlinear response of the material. Therefore one can express the polarization term in a
power series of the electric E:

P(t) = ε0(χ
(1)E(t)+χ

(2)E2(t)+χ
(3)E3(t)+ ...) (3.18)

Here we introduced the second and third order susceptibilities χ(2) and χ(3), respectively.
Nonlinear effects are usually categorized by the order of the proportionality of the electric
field or susceptibility. Typical second order or χ(2) nonlinear effects are second harmonic,
sum- and difference frequency generation. Due to the symmetry of the underlying potential,
second order nonlinearities only occur in non-centro symmetric materials (e.g. Lithium
niobate (LiNbO3)) and are not present in amorphous waveguides as e.g. silica or chalcogenide.
Typical third order nonlinear effects are third harmonic generation, 4WM, Kerr lensing and
stimulated Raman and stimulated Brillouin scattering.

3.2 Propagating acoustic waves

This section introduces acoustic waves and waveguides (in analogy to the in the previous
chapter described description for optical waves). However, first we need to introduce a few
key terms to describe mechanical waves in a continuum description. Again the purpose of
this chapter is to provide enough background to the reader to understand the underlying
physics of SBS. For a more detailed description of acoustic waves the reader is referred to
the standard textbooks, such as e.g. [186, 187].

3.2.1 Stress, strain and Hooke’s law

In this section we introduce some of the fundamental terms used to describe mechanical
interactions in a medium using a continuum dynamic description. The two key properties
that are introduced are the stress σ and the strain η . Both quantities are usually a tensor
and are connected via the elasticity of the medium. This linear relationship is known as



52 Light interacting with acoustic waves - Stimulated Brillouin scattering

x
y

z

σ xx

σ zx

σ yx

σ zz
σ yz

σ xz

σ yy
σ xy

σ zy

x
y

z

σ yz

σ zy

Δ y

Δ z

x
y

z

- σ yy

Δ y

a) b) c)

Fig. 3.4 a) Stress acting in y-direction inducing stress/compression of the medium [188]. b)
Stress acting in yz- and zy-direction causing a shear deformation of the medium [188]. c)
Schematic of the different components of the stress tensor depicted on the surface of the
body [188].

the generalized Hooke’s law as it resembles the 1-dimensional Hooke’s law where a force
(action) is connected to a displacement (reaction). The stress σ is the force acting on an area
of a solid body. A schematic visualization of the stress tensor σik is shown in figure 3.4. The
indices of the stress tensor indicate the direction of the force and the plane in the body it acts
upon.
The induced stress on a body leads to a deformation of the later which is described by the

strain tensor. To get an intuitive understanding of the strain tensor, let us assume two points
of a solid body separated by the distance dl. This distance dl between the two points in the
medium is changed by the stress and is then given by a new distance dl′. In a 3-dimensional
coordinate system (x1,x2,x3) the distance between two points can be written in the following
form:

dl =
√

dx1
2 +dx2

2 +dx3
2 −→ dl′ =

√
dx′1

2
+dx′2

2
+dx′3

2 (3.19)

where the dxi and dx′1 are the coordinates before and after the deformation. In other words
the original coordinates were moved by a distance which we will call the displacements ui.
Hence we can express the new coordinates dx′1 in terms of the displacement ui leading to the
relationship dx′i = dxi +

∂ui
∂xk

dxk. Inserting this relationship in equation 3.19 leads to:

dl′2 = dl2 +

(
∂ui

∂xk
+

∂uk

∂xi
+

∂ 2ul

∂xi∂xk

)
·dxidxk =: dl2 +2 ·ηik ·dxidxk (3.20)

Equation 3.20 is used to define the strain tensor ηik which describes how a body deforms
in three dimensions when a force is applied. If the displacement ui are small relative to the
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distance between the lattice points itself the second order derivatives in 3.20 are negligible
and the linearized strain tensor is given by:

ηik =
1
2

(
∂ui

∂xk
+

∂uk

∂xi

)
(3.21)

With these considerations we can now write the generalized Hooke’s law in vectorial form:

σik =Ciklmηlm (3.22)

connecting the stress and the strain tensor with the elasticity tensor of the material Ciklm.

3.2.2 The acoustic wave equation

In analogy to the description of propagating optical waves and optical waveguides, we start
our description of acoustics with the wave equation for acoustic waves. The wave equation
for acoustic waves can be formulated in terms of the previously described stress σ or the
displacements ui. However, here we want to focus on longitudinal acoustic waves traveling
through a medium. As shown in figure 3.4a) a longitudinal displacement changes the density
of the medium (as opposed to, e.g., shear waves). Hence we can describe the longitudinal
acoustic wave in terms of a spatially and temporally varying density ρ . This description of
the acoustic wave as a traveling density wave leads to an intuitive way of coupling an acoustic
wave to an optical wave, which will be described in the later this chapter. The acoustic wave
equation for a longitudinal density wave has the following form:

−∇
2
ρ +

1
v2

a

∂ 2ρ

∂ t2 = 0 (3.23)

with the longitudinal acoustic velocity va. As we have seen previously a common solution
of the wave equation are plane waves. In the following section, we will have a look at the
boundary conditions these plane waves have to fulfill in an acoustic waveguide.

3.2.3 Acoustic waveguides

This section serves to provide the reader some intuition how to guide acoustic waves in
waveguides and what requirements need to be fulfilled to provide acoustic guidance. Here
the analogies to optical waveguides are emphasized. As we will see in the next section,
where optical and acoustic waves are coupled together, it is crucial for the strength of this
interaction to guide both, the acoustic and the optical waves, simultaneously in the waveguide
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core.
In analogy to optical waveguides, we start the description from the wave equation. Con-
sidering a waveguide aligned with the z-axis of a coordinate system. We now separate the
density ρ(x,y,z, t) into a transverse field in the xy-plane and a plane wave propagating in the
z direction.

ρ(x,y,z, t) = ρ(x,y) · exp{(i(qz z+Ω t)} (3.24)

with the z component qz of the acoustic wavevector q and the frequency of the acoustic wave
Ω. We are now interested in the boundary conditions required in the xy-plane to form a
guided acoustic mode. Therefore we insert our ansatz 3.24 in the wave equation 3.23 and
receive the following relationship:(

∇
2 −q2

z +
Ω2

v2
a1,2

)
ρ(x,y) = 0 (3.25)

Furthermore the longitudinal sound velocity of the waveguide core va1 and the surrounding
material va2 are introduced.
The transverse density profile has to satisfy the following boundary conditions. The first
condition requires the continuity of the z-component of the displacement field, hence the
density variation, and the second condition requires the continuity of the stress tensor at the
boundary between the waveguide and the cladding [109].

ρ|∂C+ = ρ|∂C− (3.26)

Here ∂C is the interface between the waveguide core and the surrounding material. The
boundary condition for the normal components of the stress tensor has the following form
[109]:

µ1
∂ρ

∂n
|∂C+ = µ2

∂ρ

∂n
|∂C− (3.27)

with µ1,2 being the shear modulus of the waveguide core and cladding, respectively.
The different acoustic properties of the core and the surrounding hence lead to an impedance
mismatch. Therefore acoustic waves reflect from the interface and can be guided analog to
optical waves. The acoustic impedance is given by [109]:

R =
Z2/(µ2ρ2)−Z1/(µ1ρ1)

Z2/(µ2ρ2)+Z1/(µ1ρ1)
(3.28)

with Z1,2 = ρ1,2v1,2/cosΘ1,2, where Θ1,2 is the incidence and reflection angle of the acoustic
mode, respectively.
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Here, pure longitudinal waves are assumed as it is the case for large core waveguides where
boundary effects only play a negligible role. Hence there is no coupling at the boundary from
longitudinal to shear waves and the main acoustic mode in the waveguide is a compression
mode. In analogy to optical waveguides an acoustic Vac parameter can be defined (here for a
circular waveguide with a radius r that is much larger than the acoustic wavelength) [109]:

Vac = Ωr

√
1

v2
a1

− 1
v2

a2

(3.29)

One can see from the acoustic V-parameter that the longitudinal sound velocity plays the
same role as c/n in optical waveguides. Hence the acoustic waveguide needs to be designed
in a way that the longitudinal sound velocity in the core is lower than the surrounding
cladding. The chalcogenide waveguides investigated in this thesis surrounded with a silica
cladding fulfill these requirements. Note: in acoustics, the sound velocity in a medium is
usually higher than in air, and hence it is the opposite situation to optical waves where the
refractive index of air is approximately 1. However, hypersound waves, e.g., in suspended
silicon waveguides surrounded by air are still guided in the waveguide. The reason lies in
the large impedance mismatch between the silicon waveguide and the surrounding air (see
equation 3.28). The sound velocity in silicon is more than an order of magnitude larger than
in air.

3.3 Coupling optical and acoustic waves - stimulated Bril-
louin scattering

After describing the propagation of optical and acoustic waves separately in the previous
sections, we now bring them together introducing a coupling between the two types of waves.
This description will lead to the coupled mode equations that describe SBS. We will see that
the electric field will act as a driving term for the acoustic wave. At the same time that the
acoustic wave will back-act on the optical waves, connecting the pump and Stokes wave.
Again as described in the introduction 2.2 we see the two-fold nature of SBS - light acting on
sound and sound back-acting on light. Hence our theoretical description will lead to three
coupled mode equations, one for the optical pump, one for the optical Stokes wave and one
for the acoustic wave.
As the focus of this thesis lies on SBS in photonic-phononic waveguides, we will derive the
coupled equations using modes instead of just traveling acoustic and optical plane waves in
free space. A crucial property of this description is the overlap of the optical and acoustic
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modes. This overlap integral determines how strong the SBS interaction will be in a given
waveguide and plays an important role in the design of photonic-phononic waveguides.
This chapter focuses on providing the basic understanding of the coupling between optical
and acoustic waves; for a more detailed derivation of the SBS coupled mode equations the
reader is referred to [108, 184, 107].

We start our description from the acoustic wave equation 3.23, however here we introduce
two additional terms: first we add a (generic) driving term −∇ f to the right hand side of the
equation and second we introduce an acoustic loss / damping term Γ∇2 ∂ρ

∂ t . The driving term
provides the coupling to the optical waves. The damping constant Γ, on the other hand, is
important to determine the linewidth of the Brillouin interaction. The driven acoustic wave
equation with damping has the following form [108]:

∂ 2ρ

∂ t2 −Γ∇
2 ∂ρ

∂ t
− v2

a∇
2
ρ = ∇ f (3.30)

The driving term is given by the force per unit volume f generated by the optical wave that
changes the density ρ . We now have a closer look at this driving term to understand its origin
and connect it to the electric field.
In a microscopic picture the electric field acts on the dipole moments pdip = ε0αE in the
material, with α being the polarizability. Hence the electric field leads to a polarization in
the material, which is associated with a change in the potential energy U . The underlying
optical force F associated with the change in energy can be calculated via [108]:

F =−∇U = ∇

∫ E

0
pdipdE ′ =

1
2

ε0α∇(E2) (3.31)

In a macroscopic picture this force causes a change in the dielectric constant ∆ε due to
a pressure p induced by the optical wave. This process is known as electrostriction, i.e.
an optical field causes a change in the material density accompanied with a change in the
dielectric function of the material [108].

∆ε =
∂ε

∂ρ
∆ρ (3.32)

A change in the dielectric constant, however also changes the potential energy U in the
system:

∆U =
1
2

ε0∆εE2 (3.33)
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This change in the potential energy must be equal to the work W on the system. This
consideration allows us to relate the change in the dielectric constant to an optically induced
pressure p from which we receive the drive term in the wave-equation 3.30.

∆W = p
∆V
V

=−p
∆ρ

ρ

!
= ∆U =

1
2

ε0∆εE2 =
1
2

ε0
∂ε

∂ρ
∆ρE2 (3.34)

⇒ p =−1
2

ε0γeE2, (3.35)

with the electrostrictive constant γe = ρ( ∂ε

∂ρ
). As the force per volume f on the right hand

side of equation 3.30 is simply given by f = ∇p [108] we now have an impression for the
driven acoustic wave equation with the electric field as a source term [108]:

∂ 2ρ

∂ t2 −Γ∇
2 ∂ρ

∂ t
− v2

a∇
2
ρ =−1

2
γe∇

2E2 (3.36)

The most common approach to solve the driven wave-equation is a simple plane wave
approximation. However, as we want to investigate the interaction of optical and acoustic
waves in waveguides, we use a slightly modified approach based on optical and acoustic
modes (a detailed derivation using this approach can be found in [107]). This approach
will naturally provide the overlap integral between said modes, which is crucial for SBS in
guiding structures.
We use the following ansatz for the electric field E and the density ρ , respectively:

E(r,z, t) =
1
2

f (r)(A1(z, t)ei(ω1t−β1z)u1 +A2(z, t)ei(ω2t+β2z)u2)+ c.c. (3.37)

ρ(r,z, t) =
1
2

ξ (r)Q1(z, t)ei(Ωt−qz)+ c.c. (3.38)

For the electric field we assume forward and backward traveling waves in the direction
of the unit vectors u1 and u2 and introduced also the envelopes Ai of the optical field and
the mode profile f (r). The acoustic wave has formally a very similar structure, consisting
of an envelope Q and a mode profile ξ (r). Compared to the approach described in [107]
we assume only one acoustic mode, however the same approach can be straightforwardly
extended to multiple acoustic modes that can be summed up in a linear combination (Note
that the acoustic modes are technically only approximately orthogonal to each other.).
Inserting our ansatz for the optical and acoustic waves in the driven acoustic wave equation
3.36 we can derive an expression for the acoustic amplitude Q. Here several assumptions can
reduce the amount of significant terms:
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• First we assume a slowly-varying envelope approximation for the optical and the
acoustic mode and hence can discard higher order derivatives.

• Second we only keep the phase matched terms Ω = ω1−ω2. We only want to consider
the case of backward SBS here, hence we only keep terms with propagation constant
q approximately twice the optical propagation constant q = β1 +β2 ≈ 2β1 (compare
chapter 2.2).

• Furthermore we assume that the propagation of the acoustic mode is negligible due to
the strong damping which allows to neglect the term proportional to ∂ρ

∂ z .

• Finally we assume a steady state and hence neglect the time dependent derivatives.

With all the above approximations we end up with the following equation:

iξ (r)Qq2
ΩΓ−Qv2

a

[
∇

2
ξ (r)+

(
Ω2

v2
a
−q2

)
ξ (r)

]
=

1
2

γe f 2(r)q2A1A∗
2 (3.39)

If we now assume that neither the presence of the optical field, i.e. the right hand side of
equation 3.39, nor the acoustic damping term, i.e. first term on the left proportional to Γ, alter
the structure of the acoustic mode itself, we can use the modal equation (see also equation
3.13) to find the optical modes with the eigenfrequencies ΩB:

∇
2
ξ (r)+

(
Ω2

B
v2

a
−q2

)
ξ (r) = 0 (3.40)

using the modal equation 3.40 we can further simplify the acoustic wave equation 3.39 and
get:

iξ (r)Qq2
ΩΓ−Qξ (r)(Ω2 −Ω

2
B) =

1
2

γe f 2(r)q2A1A∗
2 (3.41)

From here we finally get an expression for the amplitude Q of the acoustic wave. We multiply
both sides of the equation with the mode profile ξ and integrate over the transverse plane.
This is required as we have separated the variables in longitudinal and transverse components
in our initial ansatz 3.37 and 3.38. We receive the following expression for the acoustic wave
amplitude [107]:

Q(z, t) =
γeq2A1(z, t)A∗

2(z, t)
2(Ω2

B −Ω2 + iΩΓq2)

⟨ξ (r) f 2(r)⟩
⟨ξ 2(r)⟩

(3.42)

The last term in 3.42 is the overlap integral between the acoustic and the optical modes. The
angle brackets denote an integration over the transverse plane.
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We described how an optical mode drives an acoustic mode in a waveguide and received
an expression for the acoustic wave amplitude depending on the electric fields and the mode
overlap between the acoustic and the optical mode.
Now we want to examine the effect of the acoustic mode on the optical waves. We start
with the optical wave equation derived in section 3.1 but again including a driving term in
analogy to the previous treatment of the acoustic wave. However, there is no optical loss
term included as the optical losses are negligible compared to the acoustic losses. For a
treatment of SBS in lossy waveguides, a loss term can be added in a straightforward manner.
The driven optical wave equation has the following form:

−∇
2E+

1
c2

∂ 2E
∂ t2 =− 1

ε0c2
∂ 2P
∂ t2 (3.43)

The polarization P acts as the driving term on the right-hand side of equation 3.43 and can
be linked to the electric field via the susceptibility χ (see section 3.1.2). Here, we consider
a change in the dielectric constant of the medium due to the presence of the acoustic wave.
Hence we write the polarization P in the following form:

P = ε0∆χE = ε0∆εE = ε0
γe

ρ0
∆ρE (3.44)

Hence a change in the density is now linked to the optical wave in the form of a driving term
in the wave equation. This approach will lead us to the coupled mode equations for SBS.
These equations can be categorized in steady state equations and dynamic equations which
will be described in the following two sections.

Steady state coupled SBS equations

In this paragraph, the steady state coupled equations are given which provide critical insights
in the exponential build-up of the Stokes waves and key parameters such as the Brillouin
gain linewidth.

Again we use the ansatz 3.37 for the electric field but this time insert it in the optical wave
equation 3.43. As in the previous section several assumptions are made to reduce the amount
of relevant terms. The slowly varying envelope approximation is applied again to remove any
higher order derivatives. Furthermore it is assumed that the change in the dielectric function
is small and also approximately the same for the optical pump and Stokes wave. The optical
fields are assumed to be monochromatic and the polarization is maintained, which allows the
use of a scalar approximation. Lastly we assume a steady state which removes the temporal
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derivatives. This leads us to the two coupled envelope equations:

dA1

dz
=−iζ A1 |A2|2 (3.45)

dA2

dz
=+iζ

∗A2 |A1|2 (3.46)

with

ζ =
n9ε0 p2

12ω3

2ρ0c3(Ω2
B −Ω2 + iΩΓ)

⟨ξ (r) f 2(r)⟩2

⟨ξ 2(r)⟩⟨ f 2(r)⟩
(3.47)

Here we used the electrostrictive tensor p12 that is connected to the electrostriction constant
γe via γe = n4ε0 p12.
The two coupled equations 3.45 and 3.46 describe the evolution of the optical field envelopes.
However, the more intuitive description - in particular from an experimentalist point of view
- is a description based on optical power P. The envelopes of the electric field are linked to
the power P via [107]:

P = ⟨I⟩= 1
2

ε0 cn|A|2⟨ f 2(r)⟩ (3.48)

And hence one receives the coupled mode equations for the optical power (for the case of
low optical loss waveguides) [107]:

dP1

dz
=−gP1P2 (3.49)

dP2

dz
=−gP1P2 (3.50)

Here we use the Brillouin coupling parameter g that is given by:

g =
gB L(ω)

Aao
eff

, (3.51)

where L(ω) gives the Lorentzian lineshape of the Brillouin gain spectrum with the full-width-
of-half-maximum ΓB given by:

ΓB =
8πn2Γ

λ 2
p

(3.52)

The Brillouin gain coefficient gB is given by (see also 2.2):

gB ==
4 π n8 p2

12
λ 3

p c ρ0 ΩB ΓB
(3.53)
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And the effective acousto-optic area Aao
eff, which is given by [107]:

Aao
eff =

(
⟨ f 2(r)⟩

⟨ξ (r) f 2(r)⟩

)2

⟨ξ 2(r)⟩ (3.54)

As one can see from equation 3.49 and 3.50 SBS leads to an exponential power build-up of
a small Stokes seed, as already described in the section about the fundamental properties
of SBS 2.2. The steady state description can provide valuable insights in the SBS process,
however cannot describe the temporal dynamics of the effect, that will be described in the
next section.

Dynamic coupled SBS equations

Here the dynamical SBS coupled mode equations are provided. The derivation is done in a
very similar fashion than in the previous section, with the difference that additional to the first
order spatial derivatives of the optical wave also the first order time derivatives are kept. For
the acoustic wave the first order time derivative is kept as well, however the first order spatial
derivatives are still negligible due to the short lifetime (in the order of nanoseconds) and the
low velocity (below a few thousand m/s) of the acoustic wave that leads to negligible spatial
movement of the acoustic wave. This approach leads to three partial differential equations
that are coupled together - one for the optical pump wave, one for the optical Stokes wave
and one for the acoustic wave.
The equation for an acoustic wave propagating in z-direction has the following form [189,
132]:

∂

∂ t
Q =

ΓB

2
(A1A∗

2 −Q) (3.55)

Here we assumed that the optical pump wave A1, the optical Stokes wave A2 and the acoustic
wave Q are phase matched. For not perfect phase matching one would require introducing a
complex term proportional to the frequency detuning and Q in the equation.
For the optical pump wave we receive the following equation [189, 132]:

∂

∂ z
A1 +

n
c

∂

∂ t
A1 =− gB

2Aao
eff

A2Q (3.56)

And the optical Stokes wave is given by:

− ∂

∂ z
A2 +

n
c

∂

∂ t
A2 =

gB

2Aao
eff

A1Q∗ (3.57)
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These are the three coupled mode equations for SBS. Here we neglected the optical loss which
can be introduced in the equations in a straightforward manner using the loss coefficient α ,
adding a term −α

2 A1,2 to the right-hand side of the optical equations. Furthermore, other
nonlinear effects such as self-phase modulation (SPM) and cross-phase modulation (XPM)
were ignored in the derivation as the emphasis was put on the coupling mechanism of optical
and acoustic modes. As we have seen in the section about nonlinear optics, SPM and XPM
arise from the nonlinear polarizability of a medium. Taking these additional nonlinear terms
into account during the derivation one ends up with the following additional term on the
right hand side of the optical equations [108]: iγ(|A1,2|2 +2|A2,1|2)A1,2, with the nonlinear
coefficient γ .

Vectorial description of Brillouin interactions

The previous sections describe the coupling between optical and acoustic modes via elec-
trostriction and the photo-elastic effect. Both effects are known as bulk effects and are
sufficient to describe SBS in standard single mode fiber or chalcogenide waveguides with a
cross-section large compared to the wavelength in the material. However, for small (< λ/n)
high index contrast waveguides, such as e.g. silicon nanowires, additional effects from the
waveguide boundaries have to be considered; hence a fully vectorial description of the Bril-
louin interaction is required. However, as the scalar description given in the previous section
is sufficient to understand and describe SBS in the chalcogenide waveguides investigated
in this thesis, the description of the vectorial model of SBS is kept short and the reader is
referred to the literature for a more in-depth description [190, 67, 191, 34].

Initial theoretical studies of SBS in small core, high index contrast waveguides predicted a
large enhancement of the SBS gain that would allow harnessing SBS in silicon [67]. The
large SBS gain enhancement can be assigned to the small mode area and the additional
radiation pressure forces at the waveguide boundaries. The description presented in this
work was approaching the SBS interaction not in terms of an overlap integral (as described
section 3.3) but from the perspective of the induced optical forces that create the acoustic
wave, where the overall force consists of bulk terms and boundary terms that originate from
radiation pressure. The total optical force determines the generation rate of the acoustic
phonons, which, due to particle conservation, is equal to the Stokes photon generation rate.
Hence, the Brillouin gain can be inferred from solely knowing the optical forces in the
waveguide.
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The vectorial treatment of SBS can also be derived in an analog framework as described in
section 3.3; namely starting from the optical and acoustic wave-equation and introducing
a coupling of the two types of waves via an overlap integral but including now bulk and
boundary terms [191]. In this case, the optical wave is acting on the acoustic wave not only
via electrostriction but also via radiation pressure. The acoustic wave acts back on the optical
mode, on the other hand, via the photoelastic effect and the effect of an index change caused
by the moving boundaries, which is also known as moving boundary scattering [191]. A
schematic visualization of these effects is shown in figure 3.5 a). The photoelastic effect
causes a small change in the electric field but over a relatively large area. The moving
boundary effect, on the other hand, causes a large change of the field over a small area at
the waveguide surface and hence can be calculated using a contour integral instead of an
integration over the whole waveguide cross-section. It also means that the moving boundary
contribution becomes more relevant as the cross-section of the waveguide decreases.

In the following a short description of this treatment of the nonlinear interaction is given
following the article by Wolff et al. [191]. The basic derivation of the SBS interaction using
a vectorial description is similar to the scalar case, with the main difference, however, lying
in the description of the acoustic mode and the overlap integrals between the optical and the
acoustic modes. In the vectorial description we write the acoustic wave equation in terms
of the displacement field U instead of the previously used (scalar) density variation. The
vectorial acoustic wave equation reads the following [191]:

−ρ ∂
2
t Ui +∑

jkl
∂ j[ci jkl +ϒi jkl]∂k Ul =−Fi (3.58)

Here, ρ is the density of the material, ci jkl is the stiffness tensor and ϒi jkl is the viscosity
tensor, which is related to the acoustic damping that will determine the linewidth of the
Brillouin interaction. As before, a driving term is introduced on the right hand side, which is
in equation 3.58 the force field per volume Fi. This source term couples the acoustic wave to
the optical field.
Using equation 3.58 one can derive, in a similar manner as outlined in section 3.3, coupled

mode equations for the optical pump and the Stokes wave. The overlap integrals, however, are
now fully vectorial including photoelastic and moving boundary components. The overlap
integral for the photoelastic part reads [191]:

OPE
v = ε0

∫
A

d2r ∑
i jkl

ε
2
r [e

(1)
i ]∗e(2)j pi jkl∂ku∗l (3.59)
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a) b)

Fig. 3.5 a) Schematic visualization of SBS bulk and boundary effects [34]. b) Schematic of
the moving boundary effect [191].

with the photoelastic tensor pi jkl , the dielectric constant εr, and the electrical fields e(1)i and
e(2)j of the phase-matched pump and Stokes fields, respectively.

We now want to describe the contribution of the moving boundaries of a waveguide to the
SBS interaction. For illustration, we assume a rectangular nanowire with dielectric constant
εa and a surrounding with a permittivity εb (in many cases the surrounding is air in which εb

is approximately 1). Hence at the interface of the waveguide there is a contrast in permittivity
and Maxwell equations dictate that the normal component of the D field and the transverse
(in plane) component of the E field are continuous across the interface. If the interface
moves, the E and D field have to change from their static value (Estatic and Dstatic) before the
movement of the boundaries to the state of the moved boundary (Emb and Dmb):

Estatic = E∥+ ε
−1
b ε

−1
0 D⊥ → Emb = E∥+ ε

−1
a ε

−1
0 D⊥ (3.60)

Dstatic = D⊥+ εb ε0E∥ → Dmb = D⊥+ εa ε0E∥ (3.61)

Hence the movement of the boundaries causes a perturbation in the fields ∆E and ∆D:

∆E = (ε−1
b − ε

−1
a )ε−1

0 D⊥ (3.62)

∆D = (εa − εb)ε0E∥ (3.63)
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To describe the displacement of the waveguide boundary quantitatively we introduce the
normal vector n̂ (see figure 3.5). It allows us to calculate the amount the interface is displaced
simply by the product of n̂ with the displacement field U, assuming a quasi-parallel shift of
the surface and neglecting any higher order terms. In this case, we can write the overlap
integral of the moving boundary effect over the waveguide cross-section as a line integral
over the boundary contours C. The overlap integral, that is the contour integral of the normal
displacement of the waveguide boundary and the sum of the induced changes in the fields at
the boundary is given by [192]:

OMB
v =

∫
C

dr(u∗ · n̂)[(εa − εb)ε0(n̂ × e(1))∗(n̂× e(2))+(ε−1
b − ε

−1
a )ε−1

0 (n̂ ·d(1))∗(n̂ ·d(2))]

(3.64)
The total overlap integral that determines the strength of the SBS interaction is then given by
the sum of the photoelastic and moving boundary contribution:

Ototal
v = OPE

v +OMB
v (3.65)

Note that there is also a moving polarization effect due to the movement of charges in the
material caused by the acoustic wave [192]. It was shown, however, that this effect is usually
very small [192].





Chapter 4

Physics of Bragg gratings and slow-light
propagation

4.1 Bragg gratings

A fiber Bragg grating is a periodic modulation of the refractive index of a waveguide. If the
period of the modulation fulfills the Bragg condition a significant amount of the signal is
backscattered. The first record of a Bragg grating was in 1978 when Hill and co-workers
realized that the transmission through their fiber under test decreased over time and at the
same time a reflected signal could be observed [193]. The origin of this backscattered signal
could be associated to a periodic modulation of the refractive index induced by the pump
laser. As the period of the modulation was given by the wavelength of the laser itself, it
fulfilled the Bragg condition, and the light got reflected back. This observation was also the
first account of the photosensitivity of an optical fiber, i.e., the ability to alter the refractive
index of an optical fiber using laser light.
Following this initial discovery fiber Bragg gratings found a manifold of applications, from
filtering to sensing and signal processing and the interested reader is referred to the following
(by no means complete) list of examples, review papers, and books [194–199].
The method of writing and inducing grating structures greatly evolved since its first discovery.
In the case of Hills experiment, the grating was formed by a high-intensity interference
pattern of the pump laser caused by back reflections. This method of writing a grating is
termed "Hill method". However, many other methods to generate the required interference
pattern in the waveguide were developed such as side illumination techniques based on an
interferometer [200] and a phase mask [201]. This method greatly increases the control over
the grating properties. A more detailed description of grating writing is given in chapter 5,
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Fig. 4.1 Schematic representation of the periodic index modulation of a Bragg grating.

whereas this chapter focuses on providing the theoretical foundation of Bragg gratings.
We start by describing the spectral response of Bragg gratings and segue into a description of
the strong dispersion introduced by the grating that leads to slow-light propagation, which
we then compare to SBS induced slow-light.

Our description of the mathematical framework of Bragg gratings starts from the periodic
index modulation that couples forward and backward propagating optical modes and, as we
will see later, can be described by coupled mode equations (detailed descriptions of coupled
mode theory in the context of Bragg gratings can be found in several textbooks and review
papers [194, 195, 202]). A scheme of the index modulation of a Bragg grating is shown in
figure 4.1.
We can describe a periodic index modulation in z-direction in its most general form using

the following formula:

∆neff(z) = nav(z)
[

1+Vfr cos
(

2π

Λ
z+Φ(z)

)]
(4.1)

As we are dealing with waveguide structures the index to consider is the effective index neff

instead of the refractive index n. From here onwards the average "DC" effective index over
a grating period Λ is called neff(z). Furthermore we introduced in equation 4.1 the fringe
visibility Vfr = ∆neff/neff of the index change and the phase term Φ(z), which describes a
possible chirp along the grating. Here we assume a shallow grating, i.e. the change in the
effective refractive index ∆neff(z)<< neff(z). The key condition for a Bragg grating is the
fulfillment of the Bragg condition that is given by:

λBr = 2neffΛ (4.2)

The Bragg condition ensures that light that is Fresnel reflected at the index contrast of one
grating period is in phase with the reflection from the next, and all other periods of the
grating. So even for a shallow grating with only a small modulation of the effective refractive
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Fig. 4.2 Calculated reflection spectrum of an apodised Bragg grating (a) and a transmission
spectrum (b).

index almost 100% of the light at the Bragg wavelength can be reflected if the grating is long
enough. This reflection occurs over a finite spectral width ∆λ :

∆λ

λBr
=

∆neff

neff
(4.3)

As an example the calculated transmission and reflection spectrum of a typical grating is
shown in figure 4.2 (here shown for an apodised fiber Bragg grating).
Coupled mode theory can be applied to describe the propagation of light in a fiber Bragg

grating and hence calculate the transmission and reflection spectrum. In an unperturbed
waveguide different modes usually do not couple to each other or exchange energy. A grating,
however, introduces a coupling between the forward and backward traveling modes in a
waveguide.

These coupled modes obey the optical wave equation 3.5 given previously. We introduce
a coupling parameter κ that describes the introduced coupling by the Bragg grating of the
forward traveling optical mode to the backward traveling mode and vice versa. Again we
use the slowly varying envelope approximation which allows to neglect all rapid oscillating
terms and second order derivatives. We arrive at the common coupled mode equations for
forward E+(z, t) and backward E−(z, t) traveling modes:

∂E+(z, t)
∂ z

+
nav

c
∂E+(z, t)

∂ t
=−iκE−(z, t) (4.4)

− ∂E−(z, t)
∂ z

+
nav

c
∂E−(z, t)

∂ t
=−iκE+(z, t) (4.5)
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We can now separate the time dependence in equation 4.4 and 4.5 by using an ansatz
proportional to E±(z, t) = E±(z)exp(ω t)

dE+(z)
dz

=−iσE+(z)− iκE−(z) (4.6)

dE−(z)
dz

= iσE−(z)+ iκ∗E+(z) (4.7)

The coupling coefficient κ describes the strength of the grating, σ on the other hand is a
self-coupling coefficient. These two coupling coefficients are given by the following two
relations. The coupling coefficient κ is connected to the refractive effective index modulation
∆neff(z) in the following way:

κ = κ
∗ =

π

λBr
∆neff =

π neff ∆λ

λ 2
Br

(4.8)

Here equation 4.3 is used to make the connection between the grating strength κ and the
grating spectral width ∆λ . The self-coupling coefficient σ is defined in the following way:

σ = δ +σ
′− 1

2
dφ

dz
(4.9)

with the detuning δ from the Bragg wavelength, i.e. the center of the grating spectrum.
Therefore δ can be written as:

δ = 2πneff[
1
λ
− 1

λBr
] (4.10)

Note that for δ → 0 one obtains the canonical Bragg condition, as one would expect. The
second term in equation 4.9 is the "DC" coupling coefficient σ ′ and is given by:

σ
′ =

2π

λBr
neff (4.11)

The last term in 4.9 describes a phase change along the grating, i.e. a chirp of the grating
period. Grating spectra for different grating strengths κ are shown in figure 4.3. One
can see in figure 4.3 that the grating shows strong sidelobes next to the main reflection
region of the grating. These sidelobes emerge for a uniform grating where the envelope of
the index modulation is a rectangular function. By altering the envelope function of the
index modulation to e.g. a gaussian profile, one can get rid of the sidelobes. Depending
on the underlying envelope of the index modulation one distinguishes between uniform or
apodized gratings. Figure 4.4 shows a spectra of a uniform and a guassian apodized grating,
respectively.
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Fig. 4.3 Grating reflection spectra of a uniform grating for different grating strength κ . a)
κ = 30 b) κ = 60 c) κ = 90

As a final remark in this section a direct expression that relates the grating strength κ with
the maximum reflectivity rmax of a strong grating (> 3 dB) is given [195]:

rmax = tanh2(κL) (4.12)

where L is the length of the grating. Equation 4.12 follows from an analytical solution of 4.6
and 4.7 for a uniform grating without chirp.
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Fig. 4.4 a) Uniform index modulation and b) corresponding grating spectrum. c) Gaussian
apodized index modulation. d) Gaussian apodized grating spectrum with greatly reduced
sidelobes compared (a).
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4.1.1 Photonic bandgap and group velocity

In the last section, the fundamental physics of Bragg gratings and the underlying equations
have been introduced. To this point, we have only described the spectral response of Bragg
gratings. The spectral response of a grating allows for the construction of narrowband
reflectors and filters. The grating structure, however, also strongly alters the dispersion of a
waveguide. In this section, we have a closer look at the dispersive nature of Bragg gratings
and its effects on the group velocity of a light pulse.
From the dispersion relation of the Bragg grating, we will see that a Bragg grating can be
described as a one-dimensional photonic bandgap structure. In analogy to the electronic
bandstructure in solid-state physics, many interesting properties and phenomena can be
derived and explained from the knowledge of the bandstructure.

To derive the photonic bandgap we start again from the coupled mode equations for forward
and backward traveling optical modes:

∂E+(z, t)
∂ z

+
nav

c
∂E+(z, t)

∂ t
=−iκE−(z, t) (4.13)

− ∂E−(z, t)
∂ z

+
nav

c
∂E−(z, t)

∂ t
=−iκE+(z, t) (4.14)

To obtain the dispersion diagram from the coupled equations 4.4 - 4.5 we use again a plane
wave ansatz, however we introduce a detuning term δd here [202]:

E±(z, t) = A±
0 · ei(Kd ·z−δd

c
nav ·t) (4.15)

Here we use the detuning δd instead of the frequency ω which is defined relative to the center
frequency of the Bragg grating (i.e. the Bragg frequency ωBr): δd =

nav
c (ω −ωBr). Also the

z component of the k-vector Kd in the ansatz 4.15 is defined relative to the z component of
the Bragg wave vector: Kd = k− kBr. We insert the plane wave ansatz 4.15 into the coupled
mode equations 4.4 - 4.5 and rewrite the obtained expression into a matrix equation:(

−Kd +δd κ

κ Kd +δd

)(
A+

0

A−
0

)
= 0 (4.16)

From the matrix equation 4.16 one receives a relationship between the detuning δd from the
grating center frequency and the wavevector Kd and the grating strength κ by setting the
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Fig. 4.5 Dispersion relation of a Bragg grating showing a photonic bandgap. The black
curves shows the linear dispersion without grating, whereas the blue line show a bandgap
openeing proportional to 2κ .

determinant to 0. This leads to the following relationship:

δ =±
√

K2
d +κ2 (4.17)

The disperion curve given by equation 4.17 is shown in figure 4.5. It shows the linear
dispersion for the case without a grating and how the presence of the grating opens up a
bandgap. The width of the bandgap is proportional to the grating strength κ . This means,
that for certain frequencies there are no propagating waves present in the structure. Therefore
this can be seen as a direct analogue to the bandgap in semiconductors.
The next step is to investigate the dispersion properties of the grating around the bandgap, in
particularly the change in the group velocity vg. From the dispersion relation 4.17 one can
get the group velocity, i.e. the slope of the band, via the following relation:

vg ≈
dω

dk
=

c
neff

√
1− κ2

δ 2 (4.18)

One can see that for large detuning δd one receives c
neff

, as one would expect, for δd approach-
ing κ , however, the group velocity approaches 0, as one can also see directly from the flat
dispersion diagram shown in figure 4.5. Another, maybe more intuitive way to look at the
low group velocity in the vicinity of the grating is to consider that light traveling through the
Bragg grating structure gets reflected forth and back, and hence it takes the light pulses much
longer to transit through a waveguide with grating compared to without it.
We have seen that dispersion can alter the group velocity of the pulse traveling in a waveguide.
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This effect is commonly referred to as slow-light and occurs in a variety of resonant effects.
The next section will give a general introduction to the effect of slow-light.

4.2 Slow-light

We have seen in the previous section that a Bragg grating forms a one-dimensional photonic
bandgap. The change in dispersion leads to flat dispersion bands close to the bandgap, which
causes the group velocity to reduce dramatically. The same concept can be directly applied
in two dimensions, by periodically patterning a two-dimensional slab. It is usually achieved
by etching holes in a material slab, often silicon. A line defect between the holes acts as
a waveguide. These structures are called photonic crystals [203, 204]. As in the case of a
Bragg grating, a bandgap opens up, and the group velocity greatly reduces.
However, the concept of slow-light (that is a reduction of the group velocity vg of optical
pulses much smaller than the speed of light c in vacuum) is far more universal than just
periodic structured waveguides and can be found in any structure that provides an optical
resonance.
Record low group velocities down to just 17 m/s could be achieved in cold atoms [205]
and record fractional pulse delays of 80 pulse widths have been shown in a Cesium vapor
[206]. Other schemes that are able to reduce the group velocity of light are coupled-resonator
optical waveguides (CROW) [207] or SBS in optical fibers [208, 180] and waveguides [77].
Even though the presented slow-light implementations are very different in their nature, the
underlying physical cause for the change in group velocity is the same. In all cases, it is a
change in the group index due to a rapid change in the dispersion. The group index is given
by the following equation:

ng = n+ω
dn
dω

(4.19)

From equation 4.19 one can see that to achieve the largest possible group index one needs to
realize a large index change over a relatively small bandwidth. The Kramers-Kronig relation
dictates that every optical resonance is also accompanied by a change in the refractive index
and follows directly from causality. In the case of atomic vapors e.g. the bandwidth of the
resonance is very sharp and hence a large change in the group index can be achieved.

Even though the underlying physics causing the light to slow down is the same in all the
presented schemes, there are two overarching categories for slow-light: structural slow-light
and material slow-light. In material slow-light, the slow-down effect originates from a
resonance in the material, e.g., an atomic transition. In structural slow-light, the effect arises
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from structuring the waveguide as in the case of Bragg gratings and photonic crystals. The
main difference is that in structural slow-light the intensity of the light signal builds up
proportional to the group velocity reduction. It was shown that this field enhancement effect
can be used to enhance nonlinear effects [209, 210]. The slow-light enhancement effect will
be analyzed in more detail in chapter 5.
In the last section of this chapter, we will have a closer look at SBS induced slow-light. On
the one hand, as it serves as an example of how a resonant effect can slow-down light pulses
and on the other hand, it will give the necessary context to distinguish the delays achieved
using a BBM technique compared to a Brillouin-based slow-light scheme.

4.2.1 SBS slow-light

Here, we want to introduce SBS slow-light. As we have seen in the previous section, slow-
light relies on a rapid change of the group index ng in the vicinity of a resonance. As SBS
is a fairly narrow-band (MHz range) optical resonance, it can be harnessed to slow down
light pulses. The advantages of an SBS based slow-light approach are room-temperature
operation and full compatibility with standard telecommunication technologies. As SBS,
in fact, consists of two resonances, the SBS Stokes resonance (gain) and the anti-Stokes
resonance (loss), SBS can also be used for fast light generation. However, for the rest of this
chapter, we will focus on SBS slow-light.
The first demonstrations of SBS slow-light were reported by two groups almost simultane-
ously in 2005 [208, 180]. Both these demonstrations were performed in optical fiber, and the
first on-chip SBS slow-light demonstration followed in 2012 [77]. In the following we want
to outline the underlying physics that cause a change of the group index in the vicinity of the
Stokes resonance.

We start the description from the coupled-mode equations derived in chapter 3.3. We only
look at the equation for the Stokes wave as we want to investigate the effect of the gain
resonance on the group index. The coupled mode equation of the Stokes wave has the
following form (see 3.57):

− ∂A2

∂ z
+

n
c

∂A2

∂ t
=

gB

2Aao
eff

A1Q∗ (4.20)

To calculate the acoustic mode envelope Q∗ we assume the steady state for the acoustic mode
(compare chapter 3.3). The following derivation follows the description given in ref. [184].
In contrast to the derivation presented in section 3.3, we do not assume anymore that the
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acoustic and optical modes are perfectly phase-matched. Instead we introduce a complex
detuning term i(ΩB −Ω). Inserting the steady state solution for Q∗ in equation 4.20, we
receive:

− ∂A2

∂ z
+

n
c

∂A2

∂ t
=

gB

2Aao
eff

A2|A1|2(
1

1+ iδ
) (4.21)

Here we have introduced the fractional detuning δ = 2(ΩB −Ω)/ΓB. Furthermore we can
identify |A1|2 with the power of the pump Pp wave. This allows us to summarize the right
hand side of equation 4.20 using a complex gain coefficient gc(δ ):

− ∂A2

∂ z
+

n
c

∂A2

∂ t
= gc(δ )A2 (4.22)

The complex gain coefficient gc(δ ) is given by:

gc(δ ) =
gBPp

Aao
eff

(
1

1+ iδ
) (4.23)

The real part of the complex gain gc(δ ) gives the canonical Brillouin gain coefficient gB(Ω).
The imaginary part, however, is responsible for a Brillouin induced change in the refractive
index ∆nB, which is given by [184]:

∆nB =
c

2ωS
Im(gc) =

c
2ωS

gB Pp

Aao
eff

(
δ

1+δ 2 ) (4.24)

with the Stokes frequency ωS. This change in the index follows directly from the Kramers-
Kronig relations and is a consequence of causality. Even though the absolute changes in
refractive index are usually small (≈ 10−8) the group index still can change significantly as
the refractive index change occurs over a narrow frequency bandwidth ∆ω (recall equation
4.19 for the group index). This index change is about two orders of magnitude larger in
chalcogenide waveguides due to the larger Brillouin gain coefficient gB and the smaller
effective acousto-optic mode area Aao

eff. The SBS induced index change in a chalcogneide
waveguide in the vicinity of the Stokes resonance is shown in figure 4.6a) for 100 mW pump
power at a wavelength of 1.55µm (the parameters of the photonic waveguide can be found in
reference [75]).
The induced index change can be translated into a change of the group index using equation

4.19. This leads us to the following expression for the group index ng in the presence of SBS:

ng = n+
c gB

ΓB Aao
eff

1−δ 2

(1+δ 2)2 ·PP (4.25)
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Fig. 4.6 a) Refractive index change induced by the Stokes resonance in a chalcogenide
waveguide. b) Group index change induced by SBS.

The SBS induced group index change in a chalcogenide waveguide is shown in figure 4.6 b).
From equation 4.25 one can see another advantageous property of SBS slow-light, i.e. the
control of the group index via the pump power Pp. This makes the SBS slow-light approach
even more versatile. Even though being a very promising approach to delay optical signals,
SBS research was facing major challenges, such as bandwidth, fractional delay and pulse
distortions. Different techniques were proposed and implemented to address these challenges,
and an overview is given in chapter 5.





Chapter 5

Enhancing and inhibiting Stimulated
Brillouin scattering

In this chapter results on tailoring the SBS interaction strength, by either enhancing or fully
suppressing the effect, in a waveguide are presented. This control of the nonlinear interaction
is achieved by inscribing a Bragg grating in a highly nonlinear photonic waveguide. These
results were published in Ref. [33].

5.1 Introduction

This section provides the required background leading to the publication presented later in
this chapter (section 5.2). It gives a general introduction to enhanced optical nonlinearities
in periodic structures and introduces the concept of a stopband in the context of inhibiting
optical effects. The final section of the introduction describes how these periodic structures
actually are inscribed into an integrated photonic waveguide.

Slow-light enhanced nonlinearities

We have seen in chapter 4.1.1 that Bragg gratings are able to reduce the velocity of light. As
slow-light induced by a Bragg grating is a form of structural slow-light, it also enables to
enhance nonlinear optical interactions. Here an introduction of slow-light enhanced nonlinear
optical effects is given to contextualize the SBS enhancement [33] presented later in the
chapter.
In the case of structural slow-light, there is not only a reduction of the group velocity of light,
that is accompanied with a larger transit time τt through a waveguide under test, but also
an enhancement of the electric field strength within the waveguide [211–213, 209]. We can
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z0 L

E1(L,t)
E1(0,t)

E2(0,t)

Fig. 5.1 Schematic explanation of the slow-light and energy build-up effect in a Bragg grating.

understand this field build-up intuitively; if we consider a one-dimensional periodic structure,
a waveguide with a Bragg grating, then the light is reflected forth and back by the periodic
index modulation, in contrast, to simply passing through an unpatterned waveguide (figure
5.1). Hence the transit time τt is increased. But as the forward and backward scattered waves
carry a certain power there is also a build-up of energy within the grating (as compared to
the light just passing through an unpatterned waveguide). In structural slow-light, none of
this energy is transferred to the material [213] and hence the electric field is building up (if
absorption in the waveguide is negligible).
It was shown by Winful [214] that the normalized group delay τgn = τg/τt can be related to
the normalized stored energy Ugn =Ug/Ut and is in fact equal. Here τg and Ug are the transit
time and stored energy in the waveguide with a grating, respectively, and τt and Ut are the
respective quantities without a grating.
Therefore slow-light can enhance linear and nonlinear optical effects twofold: on the one

hand there is the increased interaction length due to the reduced group velocity, and on the
other hand there is the build-up of the electrical field in the structure. A parameter to quantify
the enhancement effect is the slow-down factor S that is generally defined as S = ng/n with
the group index ng and the refractive index of the material n. However, as we investigate
slow-light in waveguides an effective index description of the index is more appropriate,
where ng,eff is given by ng,eff = c/vg,eff = c/L · τg with L being the length of the waveguide.
The slowdown factor S is then simply the effective group index ng,eff over the effective
waveguide index neff.
Many nonlinear effects have been studied in periodic structures with a good overview given in
[209]. In particular, photonic crystals were used to study the scaling laws of enhanced linear
and nonlinear effects. Photonic crystals are particularly suitable to study these effects, as
they achieve very high slow-down factors S, that can exceed 100 [215], but also as they allow
for engineering the dispersion [216]. Dispersion engineering is crucial for many nonlinear
effects such as 4WM to ensure phase matching. Two examples of SEM images of typical
photonic crystals are shown in figure 5.2.
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a) b)

Fig. 5.2 a) SEM image of a crystal slab [204] b) SEM image of a photonic crystal waveguide
connected to a tapered ridge waveguide [210].

Linear optical effects scale linear with the slow-down factor S, simply reflecting the increased
path length due to the slower group velocity of the light. Hence a lot of effort was put into
engineering the linear scattering losses in photonic crystals [217]. Note, that the scaling
of the loss mechanisms in photonic crystals can be more complicated; e.g., for very low
group velocities the scaling of the losses starts to deviate from the linear dependence on the
slow-down factor S and follows a quadratic trend [218].
The scaling of enhanced nonlinear optical effects fundamentally differs from that of linear
optical effects, as nonlinear effects depend on the intensity as well as the path length. As
structural slow-light effects enhance both the intensity and the optical path length, a strong
enhancement of nonlinear optical effects is expected.
So does, for example, the nonlinear effect of SPM scale quadratically with the slow down
factor [211]. Intuitively one can understand this by combining the contribution from the
enhanced path length, that is proportional to S and the effect of the field enhancement, also
proportional to S. In reality the scaling is slightly more subtle and the nonlinear coefficient Γ

is given by [219, 209, 220]:

Γ = (
3−S−2

2
)S2

γ0 (5.1)

where γ0 is the nonlinear coefficient of the unstructured waveguide given by γ0 = 2πn2/λAeff

with the nonlinear index n2 [108].
The slow-light enhancement effect was investigated for a manifold of nonlinear effects. In
the case of 4WM an enhancement that scales to the fourth power of S has been theoretically
predicted and experimentally confirmed [221, 222, 216]. Also, the possibility to enhance
higher order nonlinearities such as third harmonic generation was investigated [210]. Here
green light generated in a photonic crystal pumped at 1550 nm was observed.
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We have seen that slow-light has great potential to enhance nonlinear effects and was investi-
gated for many different effects. It offers the ability to achieve large nonlinear phase-shifts in
compact structures with reduced power consumption. The enhancement of SBS, however,
was not studied in this context. Here we present the enhancement of the cascading of SBS in
a grating structure in a highly nonlinear waveguide. The used grating structure is carefully
designed, so the band edges align with the multiple Stokes lines.

Photonic bandgap to inhibit nonlinear effects

We have seen how a photonic bandgap structure can be harnessed to enhance nonlinearities.
We now want to discuss how the bandgap can be used for suppressing unwanted nonlinear
effects. It was first realized and discussed by Purcell that the emission from two-level atoms
is altered when surrounded by a resonant cavity and is enhanced proportional to the Q-factor
of the cavity [223]. Following Purcell’s initial realization, it was shown by Kleppner that
spontaneous emission is inhibited in the off-resonance case when the transition frequency of
the atom is below the fundamental frequency of the cavity [224].
The seminal works by Yablonovitch and by John, which developed the concept of the photonic
bandgap, build on the realization that spontaneous emission will be inhibited in a photonic
bandgap structure [225, 226]. Yablonivitch states in the abstract of this first proposal of a
photonic bandgap structure [225], that: "If a three-dimensionally periodic dielectric structure
has an electromagnetic bandgap which overlaps the electronic band edge, then spontaneous
emission can be rigorously forbidden".
The concept of inhibiting spontaneous emission by the photonic bandgap was intensely
studied over the following decades and is still an active research field today. Shortly after
the initial proposal, it was shown that spontaneous emission rates could be altered in semi-
conductor heterostructures made out of AlGaAs / GaAs [227]. Demonstrations of inhibited
emission in dielectric structures followed, first for microwave signals [228] and later for
optical frequencies [229]. In the latter case, dye molecules were embedded in a matrix of
dielectric spheres [229].
In more recent years this concept was extended to the emission of "artificial atoms", also
known as quantum dots. It was demonstrated that the emission of quantum dots [230] and
quantum wells [231] can be altered in photonic crystals. An overview of demonstrations that
control the spontaneous emission in photonic crystals and nanocavities is given in review
paper [232]. In 2011 the first demonstration of inhibited emission from a quantum dot in a
three-dimensional photonic crystal could be shown experimentally [233].
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With the great focus in the development of photonic bandgap structures on inhibiting sponta-
neous emission, it is almost surprising that photonic bandgaps did not find much attention
for inhibiting stimulated processes, such as SBS or in general nonlinear optical effects. The
ability to selectively suppress unwanted nonlinearities has great potential for many signal
processing applications, in particular with the growing importance of integrated photonic
circuits that rely on highly nonlinear waveguides. The high nonlinearity in these circuits is
required for efficient signal processing but makes them also prone to nonlinear distortions
due to unwanted competing nonlinear effects. In particular SBS is a nuisance in many
communication systems (compare section 2.3).
In 2003, Lee and Agrawal theoretically proposed to utilize a photonic bandgap to prevent
the build-up of the Stokes wave and hence suppress SBS [29]. In their numerical study, they
considered the propagation of 15 ns long pump pulses with a peak power in the kW range
through a 1m-long Bragg grating. The grating is designed in a way that the Stokes frequency
falls inside the stopband. The numerical study shows that without the grating the pump pulse
is strongly distorted after the transmission through the 1m-long fiber segment due to pump
depletion caused by the build-up of the counter-propagating Stokes wave (see figure 5.3 a)).
With the grating, on the other hand, the Stokes wave is not building up (figure 5.3 b)). In the
latter case, no depletion of the pump wave can be observed.

After the theoretical proposal from Lee and Agrawal to use a photonic bandgap to suppress
SBS, it was shown theoretically by Gomila that a photonic bandgap can inhibit spontaneous
modulation instabilities in nonlinear cavities [234, 235]. Experimental demonstrations of
the proposed scheme followed shortly after in the context of pattern formations in two-

a) b)

Fig. 5.3 a) Pump pulses after they were transmitted through a fiber segment with a grating
(red curve) and without grating (blue curve) [29]. Without the grating, the pump pulse is
depleted and b) a counter-propagating Stokes pulse builds up. The green curves show the
input pulse [29].
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dimensional nonlinear cavities [236, 237].

In this thesis we show the first experimental demonstration of inhibiting the build-up of
a Stokes wave, and hence full suppression of SBS, utilizing a photonic bandgap structure
[33]. However, before presenting the experimental results on inhibiting and enhancing SBS
by harnessing a photonic bandgap, we first want to describe how these photonic bandgap
structures can be implemented into a highly nonlinear waveguide. The next section introduces
and describes methods to inscribe Bragg gratings in waveguides.

Multi-wavelength Hill gratings

As we have seen in the Bragg grating section 4.1 a grating is a periodic modulation of the
waveguide refractive index. Hence to inscribe a grating one must induce a change of the
refractive index with a period that is in the range of the wavelength of interest, therefore
writing methods usually rely on laser inscription (with the exception of lithographically
fabricated waveguide gratings). The physical effect that allows the refractive index to change
under illumination is called photosensitivity [238].
In a photosensitive process, the incoming light alters the chemical bonds in the material. This
change can be achieved directly by illuminating the material with light with an energy above
the electronic bandgap or with laser light that has an energy that corresponds to the energy of
defect states in the glass matrix, which could be within the bandgap. The laser light will be
absorbed by the glass and in this process create electron-hole pairs. This process can lead to
the formation of new bonds and hence an alteration of the materials refractive index. Glass
matrices with many defects are often particularly receptive to this process as the deposited
energy by the laser light can lead to relaxation of these defects and reform or recreate bonds.
Besides the absorption in defect states within the bandgap, there is a second mechanism of
photosensitivity induced by light with sub-bandgap energy, that is nonlinear absorption. In
this case, the electron-hole pairs that are altering the bonds in the glass matrix are formed by
for example of two-photon absorption (TPA) and hence light with around half the bandgap
energy can induce photosensitivity.

Different methods are used to generate an intensity pattern that generates the periodic index
variation required to form a Bragg grating. The initial technique pioneered by Hill et al.
relied on an interference pattern generated from counter-propagating optical waves, which
were forming a standing wave in the waveguide [193]. As a light source, an ultraviolet (UV)
laser source was used, and a periodic change of the refractive index of the germanium-doped
fiber core was observed.
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a) b)

Fig. 5.4 a) Holographic grating writing technique [200]. b) Inscription method based on a
phase mask [201].

Hill’s method of writing a grating has the advantage of only requiring access to the fiber
facets, however, nowadays gratings writing techniques that access the fiber from the sides are
more common. The reason lies in the increased control over the grating profile. The first
such side grating inscription techniques relied on a holographic method [200]. A UV laser is
split into two paths that interfere at the fiber core and are forming an interference pattern that
writes the Bragg grating.
The side inscription methods were further developed, and instead of interfering two laser
beams techniques based on a phase-mask were put forward [201]. In this case, a UV laser is
transmitted through the phase-mask and hence forms an interference pattern at the fiber core.
Schemes of the holographic and the phase-mask techniques are shown in figure 5.4.
In the results presented later in this chapter we exploit a multi-wavelength Bragg grating in a

chalcogenide waveguide to enhance or suppress SBS. This imposes stringent requirements on
the grating structure. First of all, a multiple-stopband grating is required as an enhancement
of higher Stokes orders is required to form a cascade of Stokes waves - a Brillouin frequency
comb (BFC). Hence the grating spectra, i.e., the grating’s band edges, need to be very narrow
and precisely match the Brillouin frequency shift ΩB. The requirement of spectrally narrow
stopbands (≈ 65 pm) also ensures that in the inhibition case the grating is narrow enough to
selectively suppress the Stokes wave generation. Furthermore, the grating needs to be written
in an integrated waveguide on a chip, which also requires a top cladding to ensure acoustic
guidance (compare section 3.2.3).
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It has been shown previously that Bragg gratings can be inscribed in chalcogenide waveguides
[239, 240]. In both approaches sampled gratings were written into the waveguide by using a
phase mask technique [240] or a shadow mask [239]. Even though in both cases gratings
were successfully inscribed, achieving narrowband gratings that match precisely the Brillouin
frequency shift ΩB is challenging.
To address this challenge, we chose to use the Hill method combined with SBS itself to write
a grating that perfectly matches the Brillouin shift ΩB. As SBS itself is used to generate the
multiple optical waves to inscribe the multi-stopband grating structure the spacing of the
stopbands naturally matches the Brillouin frequency shift ΩB. A schematic of this method is
shown in figure 5.5.
The formation of a standing wave interference pattern (as required in the Hill method) is
achieved via the reflections from the cleaved facets of the chalcogenide waveguides. These
perpendicularly cleaved waveguide facets provide a feedback of about 17% due to the index
contrast between the waveguide index n1 = 2.4 and the surrounding air n1 = 1. The amount
of feedback can be simply calculated using the Fresnel equation for normal incidence:

r =
∣∣∣∣n1 −n2

n1 +n2

∣∣∣∣2 ≈ 0.17 (5.2)

The feedback mechanism will form an interference pattern for the pump wave in the waveg-
uide. However, as our chalcogenide waveguides are designed to have high Brillouin gain,
the optical pump will also generate a 1st order Stokes wave. If the Stokes wave reaches a
critical power it will act as a pump for the next higher order Stokes wave (see figure 5.5).
Therefore one ends up with several standing wave interference patterns in the waveguide that
will inscribe a multi-wavelength grating. As the multiple waves are written by optical waves
that are generated via SBS the spacing between the grating stopbands will match perfectly
the Brillouin frequency shift ΩB.
A multi-wavelength grating written using a Brillouin assisted Hill method was previously

shown in chalcogenide As2Se3 fiber [241]. The gratings were written at a wavelength of
1550 nm, which is in the order of twice the bandgap of 830 nm of the glass [242]. Hence, the
energy of the pump light at 1550 nm is not enough to excite electrons above the bandgap and
create electron-hole pairs. However, two pump photons have sufficient energy, and hence the
nonlinear effect of TPA is able to provide the required excitation energy.
The waveguides used for the SBS experiments presented in this thesis, however, are made out
of a different chalcogenide glass, i.e., As2S3. The electronic bandgap of As2S3 corresponds
to a wavelength of 620 nm. Hence even two photons do not provide the required excitations
energy and even higher order nonlinear effects - such as, e.g., three-photon absorption - are
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Fig. 5.5 a) Hill grating method with multiple optical waves generated by SBS. b) Resulting
multi-wavelength grating spectrum.

necessary to excite electrons above the bandgap.
However, it is well known that thin films of chalcogenide glass are prone to defects in the
glass matrix. Thus, usually many defect states are present in these thin films that are located
within the electronic bandgap. These defect bonds can be altered by light illumination. As
a consequence, the refractive index starts to deviate from the thin film refractive index and
approaches the bulk refractive index of the glass [243]. These defect states are the main
reason that strong photosensitivity in As2S3 at 1550 nm could be observed despite the large
bandgap energy [244, 245].



88 Enhancing and inhibiting Stimulated Brillouin scattering

5.2 Publication: Enhancing and inhibiting stimulated Bril-
louin scattering

This chapter is investigating how SBS can be enhanced or inhibited in a photonic circuit by
applying the techniques introduced in the previous chapters on SBS. The rest of the chapter
is based on the following publication:

M. Merklein, I. V. Kabakova, T. F. S. Büttner, D.-Y. Choi, B. Luther-Davies, S. J. Madden,
and B. J. Eggleton, “Enhancing and inhibiting stimulated Brillouin scattering in photonic
integrated circuits,” Nature Communications 6, 6396 (2015).

Abstract

On-chip nonlinear optics is a thriving research field, which creates transformative opportu-
nities for manipulating classical or quantum signals in small-footprint integrated devices.
Since the length scales are short, nonlinear interactions need to be enhanced by exploiting
materials with large nonlinearity in combination with high-Q resonators or slow-light struc-
tures. This, however, often results in simultaneous enhancement of competing nonlinear
processes, which limit the efficiency and can cause signal distortion. Here, we exploit the
frequency dependence of the optical density-of-states near the edge of a photonic-bandgap to
selectively enhance or inhibit nonlinear interactions on a chip. We demonstrate this concept
for one of the strongest nonlinear effects, stimulated Brillouin scattering using a narrow-band
one-dimensional photonic-bandgap structure: a Bragg grating. The stimluated Brillouin
scattering enhancement enables the generation of a 15-line Brillouin frequency comb. In the
inhibition case, we achieve stimulated Brillouin scattering free operation at a power level
twice the threshold.



5.2 Publication: Enhancing and inhibiting stimulated Brillouin scattering 89

Introduction

Enhanced nonlinear interactions and spontaneous emission near the band edge of periodic
structures [225, 226] have fascinated researchers for decades as a possible path towards
power-efficient integrated photonics. The combination of strong field enhancement with
prolonged light-matter interaction due to slow-light propagation [246, 204, 181] is a pow-
erful technique for overcoming material constraints and can lead to a significant reduction
in the size of photonic structures. Based on this idea, several milestone demonstrations
[215, 247–249] in photonic circuits have been reported, including slow-light enhanced third
harmonic generation [210], four-wave-mixing (4WM) [216], slow-traveling solitons [250]
and gain enhancement in lasers [251]. Surprisingly, band edge effects on stimulated Brillouin
scattering (SBS), one of the strongest nonlinear phenomena, have not been experimentally
demonstrated to date. A power-efficient way to generate SBS, however, would advance
on-chip SBS applications, in particular Brillouin lasers [130] and Brillouin frequency combs
[132].
From another point of view, nonlinear interactions can limit the power efficiency in op-
tical fiber communication links [252]. SBS, for example, is known to be detrimental for
high-power continuous wave (CW) lasers and amplifiers [252, 28, 27] and degrades the
performance of fiber and chip-based signal processors that exploit the Kerr nonlinearity [252].
In particular, the suppression of SBS in CW-pumped signal processing devices remains a
significant challenge, calling for specially designed fibers with reduced Brillouin gain [252].
Similar problems arise in the context of on-chip phase-sensitive amplifiers and regenerators,
which also rely on CW pumping [253, 254]. The ability to fully suppress SBS will therefore
remove power limitations and lead to more efficient nonlinear interactions.
Current approaches minimize the generation of SBS by increasing the pump bandwidth via
modulation of the pump phase and amplitude [253], or by using structures with poor acoustic
guidance and hence low SBS gain such as silicon on insulator waveguides [254]. Nonlinear
signal processing in silicon waveguides at telecommunication wavelengths has, however,
its own limitations due to the presence of nonlinear absorption and free carrier generation
[255, 256]. Here we present an experimental demonstration of an alternative approach, in
which the efficiency of SBS is tailored by the presence of a photonic-bandgap (PBG).
The combination of SBS and a Bragg grating was previously studied in numerical models
in the context of nonlinear pulse propagation [257] and improved delay line performance
[258]. The latter study proposed a linear sequence of SBS-based slow-light and grating-based
slow-light to increase the system’s overall delay [258]. On the other hand, the use of a PBG
structure has been suggested to suppress SBS inside the bandgap [29]. This concept is quite
similar to the previously explored inhibition of spontaneous emission inside the bandgap of
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photonic crystals [225, 231]. The experimental demonstration of SBS inhibition, however,
remains challenging because the bandwidth of the periodic structure must be narrow enough
to suppress the Stokes signal without impacting the pump and additionally the length of the
periodic structure must match the length of the SBS gain medium. Therefore, 1m-long Bragg
gratings were proposed to suppress SBS in silica fibers in the context of Q-switched lasers
[29], whereas 4WM-based optical signal processing architectures usually use hundreds of
meters of highly nonlinear fiber16 and would require prohibitively long periodic structures.
The length of the SBS gain medium can be reduced to only a few centimeters by using highly-
nonlinear materials to create photonic integrated circuits [259]. For example, very large
Brillouin gain GSBS can be achieved in an As2S3 chalcogenide waveguide (gain parameter
g0 = 0.715 ·10−9m ·W−1) [75] due to the small effective mode area, Ae f f , combined with
high material refractive index and excellent overlap between optical and acoustical modes
[75, 109]. Thus the Brillouin gain GSBS can be about 500 times larger than in a silica single
mode fibre [260]. The large value of GSBS in such chalcogenide rib waveguides led to the
first demonstration of on-chip SBS [75].

In this article we demonstrate both enhancement and inhibition of nonlinear scattering in
a photonic integrated circuit by tailoring the optical density-of-states (DOS) associated
with a one-dimensional photonic-bandgap, a stopband of a Bragg grating, written into a
chalcogenide rib waveguide. We exploit slow-light enhancement of SBS to demonstrate a
15-line Brillouin frequency comb which is at least 5 Stokes orders broader than in demon-
strations using chalcogenide waveguides reported previously [138]. In addition, we exploit
the inhibition of nonlinear scattering inside the stopband to suppress SBS and achieve linear
transmission at higher powers. Both demonstrations illustrate a unique capacity for tailoring
the strength of a nonlinear interaction on a chip solely by means of frequency tuning.
Waveguide-long Bragg gratings in chalcogenide photonic chips can be written using interfer-
ometric techniques [240] or internal inscription [193, 241] and these enable both regimes,
SBS enhancement and inhibition. The approach of using Bragg gratings provides several
advantages over high-index contrast photonic crystals for the enhancement and inhibition of
SBS, namely the narrow bandwidth of the stopband, low loss and potential tunability. The
narrow bandwidth is crucial for the inhibition of SBS as only the Stokes wave should be
affected by the stopband, whilst the pump wave will have full transmission. Although we
demonstrate tailoring the strength of SBS in a chalcogenide chip, the same concept can be
extended to other materials and nonlinear processes, e.g. 4WM and Raman scattering.
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Results

The basic principle of enhancing and inhibiting SBS by a structure with a stopband in a highly
nonlinear waveguide is illustrated in figure 5.6 a-c. A single-frequency laser is sent into a
chalcogenide rib waveguide. If the pump power exceeds the threshold [108] for Brillouin
scattering (PSBS) a backscattered Stokes wave can be observed. The Stokes wave arises from
the coherent backscattering of the pump wave from thermally excited acoustic phonons [108].
The phonons are moving along the waveguide at the speed of sound leading, via the Doppler
effect, to a frequency downshift of the backscattered Stokes wave. This frequency shift equals
the acoustic phonon frequency ΩB and is typically in the gigahertz range (ΩB ≈ 7.7GHz for
As2S3 at λ = 1550nm).
Integrating a PBG structure in the gain medium gives an opportunity to tailor the nonlinear
interaction strength, enabling both, enhancement and suppression of SBS. This concept is
illustrated in figure 5.6b and c. Adjusting the pump wavelength so that the Stokes wavelength
coincides with the edge of the photonic bandgap leads to an enhancement of the Stokes wave
generation (b), whereas it is inhibited when the Stokes wavelength falls into the stopband
(c). For wavelengths inside the stopband, light is not allowed to propagate, the transmission
reaches a minimum and hence no field can build up at these wavelengths. Near the band
edges, however, a light signal travels on average slower due to multiple coherent reflections
from the refractive index modulation, leading to a field enhancement. This is similar to
the description of electron behavior near the electronic bandgap and the DOS formulation
in solid-state physics [225, 261, 262]. Using this analogy, the optical DOS is expected to
change drastically in the vicinity of the photonic stopband: at the band edge, in the slow-light
region, the DOS increases, while it approaches zero inside the stopband (figure 5.6d). We
exploit the low DOS inside the stopband to inhibit the build-up of a Stokes wave and suppress
SBS. On the other hand, the high DOS at the edge of the stopband can be used to enhance
the generation of a Stokes wave.
If the power of the 1st Stokes wave exceeds PSBS, SBS can be cascaded generating a 2nd-order
Stokes wave shifted by 2ΩB from the pump. The power requirements for cascaded SBS can
be reduced substantially in resonators [138, 88, 84]. For the rib waveguides we use, 17%
reflectivity is expected from the cleaved facets due to the large index mismatch between
As2S3 (≈ 2.43) and the surrounding air. The combination of high SBS gain material and
feedback from the facets already enabled the observation of a 2nd order Stokes wave in a
chip scale device [138]. However, for practical applications in microwave photonics and
arbitrary waveform generation, on-chip sources with a larger number of spectral lines are
necessary, thus the efficiency of the SBS cascading process has to be further improved.
PBG structures can be a solution for power-efficient SBS cascading and the formation of
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broad-bandwidth Brillouin combs. This, however, requires a distinctive design of the PBG
structure, featuring multiple stopbands exactly matching the Brillouin shift ΩB and being
narrow bandwidth. A schematic of such a structure is shown in figure 5.6e, which illustrates
the alignment of the pump and several Stokes waves with the edges of the multiple stopbands,
leading to simultaneous enhancement of several waves.

Enhancement of stimulated Brillouin scattering

First we demonstrate the enhancement of the SBS cascading process near the band edge of a
grating. A measured spectrum of a Brillouin frequency comb generated by using this method
is shown in figure 5.7a. The graph shows the output comb spectrum in transmission and the
alignment of the comb lines with the edges of a multiple bands of the grating (red spectra in
figure 5.7a). The superstructure grating was inscribed into the highly nonlinear rib waveguide
beforehand, following the method discussed in ref. [241]. The three stopbands of this grating
were formed by designing the writing beam to be a cascade of three waves (pump, 1st Stokes
and 2nd Stokes). This ensured the separation between the gaps to be exactly the frequency
shift ΩB in the chalcogenide waveguide (≈ 64)pm [75]. A high-resolution spectrum of our
multi-band grating is shown in figure 5.7b.
The enhancement effect at the band edges of the grating was demonstrated by scanning
the pump laser wavelength across the grating spectrum (figure 5.7c) with the pump power
(PP ≈ 0.5)W adjusted just below the measured power threshold PSBS ≈ 0.6W. The measured
value for PSBS agrees well with the theoretically calculated threshold given by [40]:

PSBS =
2π2 ·Aeff

g0 ·Leff ·F2 = 0.59W (5.3)

with the SBS gain parameter, g0 = 0.715 ·10−9m ·W−1, the effective length Leff = 5.5cm,
Aeff = 2.3µm2 and the measured finesse of the cavity F = 1.40. The pump power PP was kept
constant during the wavelength sweep and no Stokes waves were generated at frequencies
far from the photonic stopband (black curve in figure 5.7c). However, aligning the pump
wavelength with the first band edge of the multi-band structure led to a strong enhancement
of the SBS generation and cascading process (red curve in figure 5.7c). This enabled the
formation of a Brillouin frequency comb with 4 Stokes waves (1S-4S) at a sub-threshold
(≤ PSBS) power level. Tuning the pump further towards the longer wavelength showed an
enhancement effect, although more moderate, every time the pump wave hit one of the band
edges of the multi-band grating.
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Fig. 5.6 Figure 1 | Basic principle for enhancing or inhibiting SBS by tailoring the DOS
in a waveguide. a, Scheme of the 850nm by 4µm chalcogenide (As2S3) rib waveguide on a
silica substrate with a Polytetrafluoroethylene (PTFE) over-cladding. b, Tuning the frequency
of the optical waves (here shown for the 1st Stokes wave) into the slow-light region at the
band edge of the PBG leads to an enhancement of the nonlinear interactions. c, Adjusting
the pump frequency so that the Stokes frequency falls into the stopband, however, leads to an
inhibition of the SBS process. d, Illustrates the distribution of the density-of-states and the
stopband for a one-dimensional PBG structure. The DOS increases towards the band edge
of the structure and approaches zero in the stopband, which enabled the full suppression of
any Stokes wave generation. e, Shows schematically how the enhancement effect can be
cascaded using a multi-band grating to form a Brillouin frequency comb. It illustrates the
distinctive design of the multi-band grating, matching the Brillouin shift and each having
narrow bandwidth, so that multiple comb lines are aligned with the grating edges.
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Fig. 5.7 Figure 2 | Slow-light enhancement effect of stimulated Brillouin scattering. a,
Alignment of the Brillouin frequency comb with respect to the multi-stopband Bragg grating.
The pump and lowest order Stokes waves lay at the edges of the individual stopbands, where
the DOS was high but the normalised transmission was almost unity. b, High resolution
spectrum of the multi-stopband structure. c, Wavelength scan across the grating spectrum.
The SBS process was significantly enhanced in the slow-light regions. d, Brillouin frequency
comb with 15 lines generated by harnessing the tailored DOS in the waveguide. e, Maximum
SBS cascading in the waveguide without the grating.

The largest enhancement effect is observed when the waves with the highest intensities in the
waveguide, namely the initial pump, 1st and 2nd Stokes wave coincide with the band edges of
the grating. A Brillouin comb with 15 distinct comb lines could be generated by increasing the
pump power to about 1.3W ≈ 2×PSBS (figure 5.7d). This is the broadest Brillouin frequency
comb generated in a chip-scale low-Q waveguide, exceeding previous demonstrations by
5 Stokes orders [138]. Recently Büttner et al. [132] demonstrated that Brillouin frequency
combs generated in a low-finesse chalcogenide fibre cavity show phase-locking mediated by
an interplay of 4WM and SBS. This is an important find since phase-locking is crucial for all
frequency comb applications. The enhancement effect demonstrated in this article provides a
way to increase the effective SBS gain in a highly nonlinear waveguide and shows a path
towards power-efficient, on-chip integrated GHz repetition rate light sources.
The enhancement of the nonlinear interactions at the band edge of the PBG can be attributed

to an amplified light-matter interaction in the slow-light regime by a factor S = ng/n. This
slow-down factor S determines how much slower a light signal travels in the PBG structure
compared to the bare waveguide. Figure 5.8a shows a measured (blue) and simulated (red)
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Fig. 5.8 Figure 3 | Simulation of the PBG structure and the group index. a, High
resolution grating spectrum and simulated grating spectrum obtained by solving the coupled
equations for the transmitted and reflected waves in the waveguide. b, Calculated slow-down
factor S from the simulated grating. The graph also represents qualitatively the distribution
of the DOS in the waveguide.

transmission spectrum, respectively, for the multi-wavelength Bragg grating used in our
experiment. The red spectrum was obtained by solving the coupled-mode equations and
presents a good fit to the experimental data. Based on the numerical fit we can determine
the slow-down factor S for each frequency across the grating spectrum (figure 5.8b). The
slow-down factor S can be deduced by normalizing the group delay [258] τ = dϕ

dω
that a light

signal acquires during propagation through the Bragg grating to the transit time τtr = 550ps
in the waveguide without grating (ϕ describes the phase transfer function of the optical wave).
We find that the slow-down factor reaches its maximum value of S = 1.75 at the band edge of
the second stopband (figure 5.8b). It is well known for photonic crystals that the optical DOS
is proportional to S at the band edges [263] and approaches zero in the stopband. Figure 5.8b
gives a qualitative distribution of the optical DOS in the vicinity of the PBG structure.
The SBS gain GSBS increases exponentially with the Brillouin gain coefficient g0 and the

input pump power PP [108]. In a similar approach as used to describe the gain enhancement
of band edge lasers [251], GSBS is expected to increase in the slow-light region due to a
build-up of the local energy density proportional to S [213]. The energy build-up is a result
of the coherent coupling of forward and backward traveling waves through the grating.
However with S < 2 this approach cannot fully explain the significant enhancement in the
SBS cascading process we observe in our experiments. Below we discuss additional factors
that influence the comb formation and determine the power efficiency of this process.
Firstly, the high optical DOS at frequencies near the grating band edges leads to enhanced
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spontaneous scattering at these frequencies by S [264, 265]. As shown by Smith [182], the
Stokes power is given by the sum of all spontaneously scattered photons along the gain
medium multiplied by the Brillouin gain. Thus, an increase in the optical DOS by a factor of
S will lead to S-times higher Stokes power, in accordance with Fermi’s golden rule which
follows directly from second order perturbation theory [266].
Secondly, chalcogenide glass is a material with strong χ3 nonlinearity as well as Brillouin
gain. This implies strong multi-wave interactions between the comb components. As soon
as the 1st Stokes wave is generated at frequency ω1S = ωp −ΩB and is reflected by the
waveguide facet, it co-propagates with the pump leading to 4WM and the generation of a
signal at the frequency ω2S =ωp−2ΩB and an idler at the frequency ω1AS =ωp+ΩB. These,
in turn, can excite higher order waves at frequencies ωnS = ωp−nΩB and ωnAS = ωp+nΩB.
In this manner generated optical waves act as seeds for the SBS process and, therefore,
have the ability to reinforce SBS and lower the threshold for the generation of higher order
Stokes waves. Previous studies demonstrated a 10-fold reduction of the SBS threshold when
the Stokes wave was seeded instead of initiated from noise [267–269]. It is worth noting
that for a given power (P), the 4WM gain in the chalcogenide rib waveguides is at least 30
times lower than the SBS gain. If we assume zero phase mismatch (largest gain) for the
4WM process we obtain the following expression for the 4WM and SBS gain coefficients,
respectively [184]:

GFWM = 2 · γ ·P ·Leff ≈ 10.6 ·P ·Leff << GSBS =
g0 ·P ·Leff

Aeff
≈ 311 ·P ·Leff (5.4)

with the nonlinear parameter γ . However, the strength of 4WM interactions that include
comb components aligned with the band edges of the PBG structure increases [216] since
the intensities of these components are enhanced due to a coherent energy build-up.The large
amount of anti-Stokes components of the Brillouin frequency comb in figure 5.7 is a strong
indicator that 4WM is present in the comb formation. However, the asymmetry of the comb
spectrum demonstrates that SBS is the dominant process.

Inhibition of stimulated Brillouin scattering

As we have already noted, the wavelength-dependent DOS near the band edge of a periodic
structure allows not only the enhancement of a nonlinear interaction but also its suppres-
sion. It is, therefore, possible to suppress spontaneous and stimulated Brillouin scattering
completely if the frequency of the Stokes wave falls into the stopband. The pump wave,
however, can lie outside the bandgap because it is shifted by the Brillouin frequency, ΩB.
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Fig. 5.9 Figure 4 | Harnessing the tailored DOS to fundamentally inhibit SBS in the
waveguide. a, Spectra obtained as the wavelength of the pump (PP = 0.8W) was scanned
relative to the PBG structure. The power was just above the SBS threshold PSBS = 0.6W
and a Stokes and Anti-Stokes wave was generated at frequencies outside the stopband. By
positioning the pump so that the Stokes wave fell into the stopband, SBS was no longer
generated. b, Pump power output with (red data points) and without (blue data points) the
PBG structure. Without the grating the pump was depleted as soon as the SBS threshold was
reached whilst with the grating the generation of SBS was inhibited and no pump depletion
was observed. c, Simulations of the experiment obtained by solving coupled mode equations
with and without grating confirming the measurements presented in (b).

Provided the bandwidth of the bandgap is narrower than ΩB, the propagation of the pump
is unaffected by the periodic structure. Since no Stokes wave is generated in this situation,
the transmission of the pump wave remains linear at any power and pump depletion does
not occur. Figure 5.9a demonstrates this concept using a single stopband Bragg grating. The
pump wavelength was tuned across the stopband, whereas the pump power was fixed above
the SBS threshold PP = 0.8W > PSBS. As can be seen in figure 5.9a, away from the grating
stopband a strong Stokes wave was generated. The Stokes wave, however, was suppressed
when the wavelength of the Stokes wave λS coincided with the center of the grating stopband
λB. To quantify the inhibition of the Stokes wave we measured the output pump power for
different input power levels with and without grating (figure 5.9b). A narrow bandpass filter
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Fig. 5.10 Figure 5 | Utilizing the tailored DOS to inhibit SBS in a 4WM experiment. a, 4WM
experiment without the Bragg grating. SBS generated several idlers and, therefore, limited
the maximum input power and could lead to parasitic beat signals between several SBS lines.
b, The same experiment in the presence of the grating. For the same input power no SBS
was generated and therefore a single idler could be produced.

with 80 pm bandwidth was used before the detector to isolate the transmitted pump power
from the Stokes power. For the Stokes wavelength λS ̸= λB, SBS generation occurred and
the pump power was depleted at power levels above the SBS threshold (blue squares in figure
5.9b). This, however, does not happen when λS = λB and therefore the transmitted pump
power grew linearly with the input power and no sign of depletion could be seen (red circles
in figure 5.9b).
We modeled our system using coupled-mode theory, similarly to that in ref. [29]. The

results of the numerical modeling are shown in figure 5.9c and show excellent agreement
with the experiment. This demonstration of SBS suppression can have a significant impact
on the efficiency of ultrafast chip-based all-optical signal processing [270, 271]. We note
that complete SBS suppression for an arbitrary input pump power is only possible in theory
for infinitely strong gratings. In practice, however, it is not required and doubling or tripling
the SBS threshold can be substantial.
To demonstrate the practicality of our approach for suppressing SBS, we performed a 4WM
experiment using our chalcogenide chip. A CW signal with an average power of 15 mW and a
pump with a peak power of about 1 W were coupled into the waveguide. As the pump power
exceeded the SBS threshold, several Stokes waves were generated in the waveguide (figure
5.10a). This led to the generation of multiple idler waves via four-wave mixing between the
signal, the pump and the Stokes waves. To inhibit the generation of multiple waves at the
signal and idler frequencies, we tuned the pump frequency close to the grating stopband, so
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that SBS was inhibited and in these conditions only a single idler and signal were produced
(figure 5.10b).

Discussion

We have demonstrated a powerful and flexible way to tailor the strength of nonlinear inter-
actions, from strong enhancement to full suppression, at fixed input power in an on-chip
highly-nonlinear waveguide. Inscribing a PBG structure in the waveguides and harnessing
the high optical DOS at the band edge led to a significant enhancement in SBS cascading.
We applied this method to generate a Brillouin frequency comb with 15 lines in a low-Q rib
waveguide. Band edge enhanced cascaded SBS is a promising method for the generation
of on-chip coherent Brillouin frequency combs and are an attractive alternative to 4WM
based micro resonator frequency combs [272]. Brillouin frequency combs exhibit GHz line
spacing and can be phase locked [132, 273, 134]. Furthermore, SBS cascading is known
to suppress the pump phase and amplitude noise with each successive Stokes component
[114]. This linewidth narrowing effect is expected to play a significant role for generating
low-noise Brillouin frequency combs. High spectral purity and stability are greatly desirable
for on-chip microwave generation and low noise chip-scale optical-to-digital synthesizers.
As well as enhancing nonlinear interactions, we demonstrated the feasibility of tailoring
the optical DOS to fundamentally inhibit nonlinear processes. We showed that no Stokes
wave was generated inside the bandgap of a PBG structure, where the DOS approaches
zero. As the build-up of the Stokes wave was inhibited, no energy was transferred from the
pump to the Stokes wave and, therefore, no pump depletion occurred. This technique can be
exploited to improve the performance of high power lasers and amplifiers, to design power
independent optical devices and chip-based 4WM architectures. We have demonstrated
this concept in a 4WM experiment and achieved SBS-free operation. This could lead to
improved communication links based on on-chip parametric amplification and all-optical
signal processing schemes.

Methods

Experimental Setup

A schematic of the basic setup of the experiment is shown in figure 5.11. A narrow linewidth
laser at 1550 nm with a bandwidth of 500 kHz was used as a pump source for the enhancement
as well as the suppression experiments. The CW laser light was carved into 400 ns pulses with
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Fig. 5.11 Figure 6 | Schematic of the experimental setup. A narrow linewidth laser was
coupled to a highly nonlinear rib waveguide (light blue box). The waveguide output was
monitored in the spectral domain (dark blue box) and the power domain (red box). For the
4WM experiment a second narrow linewidth input laser was added to the setup and coupled
into the waveguide. PC: polarisation controller, MOD: modulator, FG: function generator,
EDFA: erbium doped fibre amplifier, PM: power meter, OSA: optical spectrum analyser.

a repetition rate of 40 kHz using a Mach-Zehnder modulator driven by a function generator.
The bandwidth of the coupled laser light was, therefore, determined by the pulse length and
was around 2.3 MHz. The pulses were much longer than the transit time of 550 ps for the
chip. Operating in a quasi-CW regime allowed high peak power levels in the waveguide
while keeping the average power low. Therefore, we are able to observe strong SBS without
accumulative heating of the waveguides which prevented waveguide damage. An erbium
doped fiber amplifier (EDFA) was used to amplify the laser pulses before coupling to the
chip and a polarization controller allowed the coupled light to be in the TE mode, which
is the lowest loss mode of the waveguide. The light was coupled into the waveguide using
lensed fibers with a focal spot diameter of 2µm and a measured fibre-to-fibre coupling loss
of 2.5 dB. Overall the insertion loss of the 6.8 cm long rib waveguide was 10 dB, which was
permanently monitored during the experiment using a 99/1 coupler at the waveguide input
and output connected to a dual channel power meter. The refractive index of the guiding
material was 2.43 leading to a maximum feedback of 17% from the cleaved facets because
of the index mismatch to the surrounding air. The waveguide output was monitored with an
optical spectrum analyser (OSA) with 8 pm resolution.
The high resolution spectra of the grating were measured with an OSA that is based on

coherent detection and has a resolution of 1.2 pm. The spectra were Fourier filtered to remove
the high frequency Fabry-Perot oscillations at about 900 MHz to obtain clear spectra of the
grating itself. These Fabry-Perot fringes were about 1 dB deep, as the feedback from the
facets is low. Therefore, the pump and the Stokes waves did not need to be perfectly aligned
and stabilized to the cavity resonances to observe SBS.
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For the SBS inhibition experiment a 99/1 coupler at the waveguide output was used to
simultaneously measure the pump output power (99% port) and the optical spectra (1% port).
To ensure that only the pump power was measured, we used an 80 pm bandpass filter between
the waveguide output and the power meter.
A second narrow linewidth laser was added to the setup and coupled into the rib waveguide
for the demonstration of SBS-free operation of a 4WM experiment (orange box in figure
5.11). Polarization controllers (PC 3 and PC 2 respectively) were used to ensure that both
lasers are coupled to the TE mode of the rib waveguide.

Sample preparation

The highly nonlinear rib waveguide was fabricated by thin film deposition followed by
several etching and annealing techniques [274]. An 850 nm thick As2S3 layer was deposited
on a thermally grown 1.5µm thick SiO2 (n = 1.44)/silicon substrate by thermal evaporation.
Thermal and photo annealing of the chalcogenide thin film, led to a bulk-like refractive index
of 2.43 ref. [275]. The rib waveguide was fabricated by standard contact photo-lithography
and inductively coupled plasma reactive ion etching using CHF3 gas [276]. The etch depth
for the 4µm wide waveguides used in this work was 425 nm. As a protection layer a PTFE
over-cladding was deposited on the chip [277].
The technique used for the inscription of a multi-stopband grating with the distinctive design
(the stopband spacing matching the Brillouin shift) is based on the method by Hill et al.
[193]. It utilized the photosensitivity of the As2S3 waveguide films [245, 244]. Gratings
written using this method were reported previously by us for chalcogenide fiber [241] and
the method is the same for the chip geometry.

Simulation methods

To simulate the suppression experiment we solved the coupled mode equations for the pump,
1st Stokes and the acoustic wave in the presence of a PBG structure and without the PBG
structure using an implicit fourth-order Runge-Kutta method [278]. The coupled mode
equations can be found in ref. [29].
For the simulation of the multi-wavelength grating we solved the steady state coupled
equations for complex amplitudes E1 of the forward-travelling wave and E2 of the reflected
backward-travelling wave, respectively, in the presence of the multi-bandgap structure. The
equations had the following form:
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dE1

dz
= i ·κ1(z)·E2 ·exp(−2i ·δ1 ·z)+i ·κ2(z)·E2 ·exp(−2i ·δ2 ·z)+i ·κ3(z)·E2 ·exp(−2i ·δ3 ·z)

(5.5)
dE1

dz
=−i ·κ1(z) ·E2 ·exp(2i ·δ1 ·z)− i ·κ2(z) ·E2 ·exp(2i ·δ2 ·z)− i ·κ3(z) ·E2 ·exp(2i ·δ3 ·z),

(5.6)
where κ1,κ2 and κ3 describe the maximum grating strength of the three stopbands and are
109, 174 and 144 m−1; δ1 to δ3 are the detunings from the center of the stopband; and z
is the spatial component along the waveguide. We solved these equations using a standard
numerical ordinary differential equation solver integrating z over the length of the chip.
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5.3 Outlook

In this section further investigations of cascaded SBS and an outlook of further applications
of on-chip gratings, in the context of SBS and nonlinear optics in general, is presented.

Phase-locking of Brillouin frequency combs

We have seen that on-chip Bragg gratings are able to greatly enhance the cascading of SBS
in chalcogenide waveguides. Pumping the waveguide with a single frequency laser leads to
the generation of multiple new frequencies spaced by the Stokes shift ΩB, i.e., a BFC can be
generated [33]. However, any practical application of a frequency comb requires not only
a cascade of multiple frequency components, but also a fixed phase relationship between
the single comb lines. This effect is called phase-locking and ensures that the individual
comb lines are equally spaced. Phase-locking, furthermore, leads to a stable pulse train at the
output of the waveguide.
Before describing the phase-locking mechanism of the BFC we want to have a closer look at
the generation of the BFC. Chalcogenide waveguides do not only possess a large Brillouin
gain coefficient gB but also a large nonlinear index n2 = 3.0×10−18 m / W [259]. This large
nonlinear index n2 leads to a strong Kerr effect and hence 4WM (see also figure 5.10). 4WM
is a third order nonlinear process that mixes multiple optical waves and generates optical
waves at new frequency components given that a phase-matching condition is fulfilled [108].
We will see below that 4WM plays a crucial role in the phase-locking of the BFC.
The comb formation starts with an optical pump wave generating a Stokes wave that is
frequency shifted by the Brillouin frequency shift ΩB. 4WM can then create new frequency
components separated by 2ΩB and −ΩB from the optical pump frequency. 4WM of counter-
propagating optical waves, however, is usually weak due to the required phase matching
condition of 4WM. In the waveguides used for the experiments in this chapter the cleaved
facets provide around 17% feedback, which leads to a build-up of pump and Stokes waves
that are traveling in both directions within the waveguide. As the Brillouin shift is very small
(around 64 pm) phase matching between the co-propagating waves is fulfilled, and strong
4WM could be observed. This effect is further amplified by the presence of the Bragg grating.
The optical waves generated at multiple frequencies of ΩB act as seeds for the SBS process.
SBS further amplifies the seed waves generated via 4WM.
The most direct way to confirm that the individual Brillouin comb lines are phase locked is
to measure a stable pulse train at the waveguide output with a fast real-time oscilloscope
[133, 132]. A trace of such a measurement is presented in figure 5.12.

A pulse train can be clearly identified in figure 5.12. The phases of the BFC are fully
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deterministic as the same pulse train can be observed for individual quasi-CW pump pulses.
This behavior is visualized in figure 5.12 b), in which the output traces of 11 pulse trains
recorded over 5 ms are superimposed on each other.
The underlying physics behind the phase-locking mechanism of the on-chip BFC is rather
complex and was studied in detail in [133, 132]. As SBS is a coherent interaction, there is a
certain fixed phase relationship between the pump and the first order Stokes wave. Therefore
it was realized from early on that SBS can lead to phase-locking [36, 38]. However, the
situation changes if one considers higher order Stokes waves in the case of backward SBS,
which can be seen directly from the dispersion diagrams shown in section 2.2. The dispersion
of the acoustic wave in backward SBS is not entirely flat, and hence the Stokes frequency
shift ΩB changes slightly with every cascading step. This is in stark contrast to forward
Brillouin interactions where the acoustic frequency band is flat. Hence forward cascading and
pulse train generation could be observed to many orders [139, 140] and passive mode-locking
to the 337th harmonic of a fiber laser cavity could have been demonstrated using forward
Brillouin interactions [139].
In the case of backward SBS the acoustic dispersion is not flat. Hence the Brillouin frequency
shift ΩB changes a tiny amount with every cascading order. As a consequence multiple
order Stokes waves cannot couple to a single acoustic wave. In the case of backward SBS,
phase-locking is achieved by 4WM, as it couples optical waves in a phase-sensitive manner
[133, 132]. The crucial role of 4WM for the phase-locking of BFC was confirmed in an

a)

b)

Fig. 5.12 a) Show 11 time traces of the quasi-CW 300 ns long pulses recorded over 5 ms
[133]. b) Shows two zoom-ins on the pulses at two positions. All 11 traces are superimposed
on each other [133].
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extensive numerical analysis [132], in which the 4WM interaction was selectively switch on
or off.
The stable pulses generated via cascaded backward SBS in chalcogenide waveguides are
below 100 ps in pulse length and have a repetition rate of around 7.5 GHz. The repetition rate
is given by the Brillouin frequency shift ΩB and hence distinguishes the BFC from other types
of frequency combs such as mode-locked lasers or microresonator combs. In the two later
cases, the repetition rate is given by the roundtrip time of the cavity/ FSR of the cavity. This
puts the BFC in a niche spot between the free-space mode-locked lasers and micro-resonator
combs. Mode-locked laser cavities usually provide a repetition rate in the order of up to a
GHz, with further increase in frequency being challenging as it requires a further reduction
of the cavity length which is difficult due to the size of most laser components (a heroic effort
of a 10 GHz mode-locked laser forms an outstanding exception [279]). Most microresonator
combs rely on very small cavities, usually in the tens to hundreds of micrometer range
(excluding the up to mm sized silica resonators [85] presented earlier). Hence they generate
frequency combs with repetition rates in the order of THz to hundreds of GHz.

Future directions of Brillouin frequency combs

As described in the previous section the here generated BFCs have a repetition rate given
by the Brillouin frequency shift and not the FSR of the cavity. The generated combs were
furthermore free running without the need for further stabilization. The reason for not
requiring external stabilization lies in the low Q-factor of our cavity. But on the other hand,
the low Q-factor limits the amount of feedback and hence restricts a number of comb lines
that can be generated. Hence to generate a broader frequency comb with more comb lines
the quality factor of the cavity should be increased.
An increase of the Q-factor of the waveguide cavity could be achieved by coating the facets of
the waveguide with a gold layer, which increases the reflectivity of the facets. An increase of
the Q-factor, however, imposes additional considerations: first of all, in the case of a high-Q
cavity, the Brillouin frequency shift ΩB needs to match precisely the FSR of the cavity.
Hence extra care has to be taken during the fabrication to precisely control the length of the
waveguide. Second, a cavity with increased Q-factor would require additional stabilization
to lock the pump laser to the cavity resonance and avoid thermal drifts.
It would be interesting to investigate a Brillouin based frequency comb in such a high-
Q waveguide resonator and compare the performance to a comb solely based on 4WM.
Interesting in this context would be in particular the noise properties of the generated higher
order Stokes waves. It was shown that the pump laser noise is reduced for the first and second
Stokes wave; however, it is yet to be determined what happens for even higher orders. This



106 Enhancing and inhibiting Stimulated Brillouin scattering

ωωP1 ωS/I ωP2
ωI2ωS1ωI1 ωS2

ωωP1 ωS/I ωP2ωωP ωSωI

a) b) c)

Fig. 5.13 a) Spontaneous single pump 4WM. b) Ideal dual pump 4WM scheme and c) dual
pump scheme with spurious idler and signal photons.

study would require a carefully stabilized set-up, as otherwise, the drift of the cavity will
be the main noise source observed. However, several stabilizations techniques based on
feedback loops have been developed over the years and show the feasibility of the suggested
study.

Suppression of spurious photons for quantum experiments

As fleshed out in the publication presented in this chapter, suppressing SBS can have a large
impact on many optical signal processing schemes based on nonlinear optics. However, the
concept of using a photonic bandgap can also be extended to other nonlinear effects beyond
SBS. Based on the here presented technique, an interesting theoretical study proposes to
suppress spurious photons in a single photon generation experiment [280] and hence extends
the concept from applications in classical optical signal processing to the quantum regime.
It is known that spontaneous 4WM can produce non-classical states of light [281, 282]. In
general there are two different 4WM configurations in a waveguide: First, there is the single
pump configuration that creates a signal and an idler wave at each side of the pump spectrum
(see figure 5.13 a)). Due to energy conservation the frequencies of these two generated
photons are connected to the pump photons via 2ωp = ωS +ωI.
The second configuration relies on two detuned optical pumps and the single photons gener-
ated in the frequency range between the two (see figure 5.13 b)). The energy conservation
dictates ωP1 +ωP2 = ωS +ωI. This second configuration is preferred for single photon
generation experiments as it provides spectrally degenerate single photons. However, it faces
the challenge that the two pumps can also individually act as a pump for the generation of
signal and idler photons (as shown in the single pump configuration in figure 5.13 a)). Hence
spurious signal and idler photons are generated in the region between the two pumps (see
figure 5.13 c)).

It was theoretically shown [280] that these spurious single photons can be suppressed
using a bandgap structure to inhibit the generation of the signal photons ωS2 from the higher
frequency pump ωP2 and the generation of the idler photons ωI1 of the lower frequency pump
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ωP1. In this way, the generation of the spurious single photon in between the two pumps
ωP1/P2 will also be suppressed, and the coincidence to accidental ratio of the single photon
source will be improved.
As chalcogenide waveguides have large Kerr nonlinearity, a 4WM based quantum experi-
ment with suppressed spurious photons is feasible. It would not only extend the bandgap
engineered suppression technique to other nonlinear optical effects but also extend it to the
quantum regime.

Potential further studies of the interaction of SBS and on-chip gratings

Recently a Brillouin-based distributed sensing technique was shown in integrated chalco-
genide waveguides [175] - a breakthrough that was enabled by achieving record resolution
of sub-mm in a Brillouin distributed sensing technique. With this technique one can map
the Brillouin gain along the waveguide. It would be interesting to scan a waveguide that
includes a Bragg grating and monitor locally the Brillouin gain and Brillouin frequency shift.
This mapping could provide crucial information about the uniformity of the grating and its
influence on Brillouin shift and gain enhancement.

So far the gain enhancement and the suppression effect were treated separately, however, an
idea that would harness both effects simultaneously is Brillouin cooling. As stated by Chen
and Bahl [283] for cooling based on Raman scattering, there are
"two fundamental requirements for achieving spontaneous Raman cooling: suppressing
the dominance of Stokes (heating) transitions and the enhancement of anti-Stokes (cooling)
efficiency".
This asymmetry can be achieved by tailoring the DOS. The same underlying physics, how-
ever, applies for optomechanical cooling [57, 94, 284, 285]. The Stokes wave needs to
be suppressed while the anti-Stokes is responsible for the cooling effect. In a resonator
configuration, this asymmetry is usually achieved by aligning the anti-Stokes wave with a
cavity resonance while the Stokes wave falls in between the cavity lines, and therefore it is
not building up at the same rate as the anti-Stokes wave.
In the experiment presented in this chapter, we can suppress and enhance Brillouin interac-
tions selectively. Hence one could use the photonic bandgap structure to suppress the Stokes
wave generation and at the same time enhance the anti-Stokes generation and perform a
Brillouin cooling experiment in a waveguide instead of a resonator.

Another potential direction of Brillouin interactions in high gain waveguides, which include
Bragg gratings, is a chip-scale random Brillouin laser. These types of lasers have been
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recently shown in fibers [127–129]. Demonstrating an on-chip Brillouin random laser would
require the inscription of a random grating [286–288]. Besides the obvious improvement in
size and overall footprint, an on-chip Brillouin random laser implementation would greatly
benefit from the two orders of magnitude larger Brillouin gain. Random lasers are for
example of great interest for imaging due to their speckle-free operation [131] and displays
with advanced functionalities, such as temperature sensitivity [289].

Concluding remarks

We have demonstrated that on-chip gratings have great potential to control the interaction
strength of SBS. It was shown that band edge enhancement effects that were previously
studied for other nonlinear effects can also be applied to SBS, and lead to a lower threshold
and higher efficiency. It also enables cascading SBS in waveguides, which lead to the
generation of on-chip phase-locked frequency combs.
Furthermore, we demonstrated that periodic structures can be applied to suppress nonlinear
optical effects selectively - an effect not widely studied in nonlinear optics yet. Also extending
the presented concepts to the quantum regime offers promising new opportunities.



Chapter 6

SBS with radio frequency feedback

In this chapter, we show how SBS can produce stable microwave oscillations when operated
in a hybrid optical-electrical RF cavity. This type of hybrid cavity approach is known as
an OEO and was pioneered by Yao and Maleki [290]. The OEO has proven to overcome
challenges commonly faced in electronics when it comes to high-frequency microwave
synthesis.
Here, we show that harnessing on-chip SBS in such a configuration enables not only the gen-
eration of a stable single frequency microwave tone but also allows for ultra-wide frequency
tunability. However, before providing and discussing the performance of an on-chip SBS
OEO configuration, a general introduction to OEOs is given.

6.1 Introduction

Oscillators are one of the most ubiquitous building blocks in many applications. Their ability
to produce a stable periodic signal is used for timekeeping, distance measurement, as a local
reference to identify and generate signals and many more. Hence the most important quantity
of an oscillator is to keep the oscillation period preciously. In more technical terms, it
means that the generated oscillations have to exhibit high spectral purity, i.e., only minimum
fluctuations in the frequency which can be expressed in terms of the phase noise of the signal.
The stability or purity of any oscillator depends on its capability to store energy. A figure of
merit for this capability is given by the Q-factor of an oscillator:

Q =
frequency
loss rate

(6.1)
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a) b)

Fig. 6.1 a) Setup of the OEO consisting of optical and electrical components [290]. b) Cavity
modes of the OEO output above and below threshold and the filter response [290].

This simple dependence imposes real challenges for the generation of high-frequency mi-
crowave oscillations in the GHz to tens of GHz range. Electronic oscillators, commonly
based on a LC-circuits, suffer from decreasing Q-factors for increasing frequencies, simply
due to the higher losses of electronic components at higher frequencies. Quartz oscillators
offer great stabilities, however, usually have an oscillation frequency in the MHz range.
Frequency multiplication techniques can be applied to generate higher frequency signals
from the Quartz oscillator. However, with every multiplication step, the noise performance
of the signal degrades.
As a solution to these challenges, the OEO was proposed and demonstrated [290]. The idea
behind the OEO is to use the low losses, high speed and efficiency of photonics to construct
an oscillator that produces pure GHz-RF-signals.
A scheme of the setup of such an oscillator is shown in figure 6.1 a). The operation prin-

ciple of the OEO is the following. The optical part of the setup consists of a laser that
passes through an intensity modulator and a fiber delay and gets eventually detected by a
photodetector. The detected signal is fed back (electronically) to the intensity modulator. RF
amplification might be required in this step in order to achieve a signal that is strong enough
to drive the modulator. Feeding back the RF signal to the modulator closes the hybrid cavity;
hence cavity modes are detected at the output with an FSR depending on the overall cavity
length (see figure 6.1 b). If the overall gain in the cavity exceeds a threshold, the cavity starts
to oscillate at the cavity mode frequencies. A filter is required to select one cavity mode and
achieve single tone oscillations.
The threshold is reached when the overall gain G in the cavity exceeds unity. Hence a critical
output photovoltage Vout from the photodetector is required to drive the modulator Vin in the
setup. The optical output power P(t) of a modulator is given by [290]:

P(t) =
1
2

αP0

[
1−η sin

(
π
(Vin(t)

Vπ

+
VB

Vπ

))]
(6.2)
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with the fractional insertion loss α , the optical input power P0, the modulators extinction
ratio, that is determined by η , the modulators half-wave voltage Vπ , and the bias voltage VB.
The photovoltage Vout of the photodetector is given by [290]:

Vout(t) = ρ P(t)RGA (6.3)

with the responsitivity of the detector ρ , the load impedance R and the voltage gain GA

coming from an RF amplification step. With these two quantities, we can now calculate the
cavity gain and find the threshold condition. The overall cavity gain is defined as [290]:

G =
dVout

dVin

∣∣∣∣
Vin=0

=
1
2

ρ RGA α P0 η π

Vπ

cos
(

π VB

Vπ

)
= η π

Vph

Vπ

cos
(

π VB

Vπ

)
(6.4)

Here we introduced the photovoltage from the photodetector Vph = 1/2ρ RGAαP0. The
maximum loop gain is achieved for a bias voltage VB = 0 or VB =Vπ . With the condition
that the loop gain has to be larger than unity for the OEO to oscillate, equation 6.4 leads to
the following threshold condition [290]:

Vph =
Vπ

π
(6.5)

The threshold is given by a relation between the output photovoltage of the detector Vph and
the half-wave voltage of the modulator Vπ . Hence we see that a photodetector with a high
output voltage and a modulator with a low Vπ are preferential as it reduces the requirement
of additional gain in the cavity, either by optical or RF amplification, that will degrade the
noise performance.

As motivated at the beginning of the chapter, the OEO can produce low-phase noise mi-
crowave oscillations due to the high Q-factors photonics is able to provide. It is convenient
to rewrite our definition of the Q-factor in a slightly different form:

Q = ω · τd (6.6)

Here the loss rate is written in the form of the decay time τd. Due to the ultra-low propagation
loss of optical fiber, we can relate the decay time τd to the delay time provided by the fiber
loop in setup 6.1 a). The longer the fiber delay line, the more energy is stored in the OEO
cavity. Hence the phase-noise is expected to decrease with longer fiber length. Experimental
results confirm the expected behavior (see figure 6.2).
The longer the cavity length, however, the more stringent are requirements on the filter that
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a) b)

Fig. 6.2 a) Phase noise of an OEO with different cavity lengths [290]. b) Phase noise at
30 kHz offset for different fiber delays [290].

selects the cavity mode, as with longer delays the FSR decreases and the cavity modes get
closer together. Therefore the filter needs to get narrower, in addition, to operate at GHz RF
frequencies. This stringent requirement is difficult to match with RF filters and usually leads
to a high insertion loss and lack of frequency tunability. In particular, the limited tunability is
a drawback as it quenches one of the big advantages of photonics, that is the wide bandwidth.
Following the first OEO demonstration, many schemes were proposed to solve the challenge
of having a long fiber loop but still selecting a single cavity mode. Multi-loop OEOs are
one promising solution; the OEO consists of a long loop to achieve the maximum delay,
and a short loop to select the cavity [291]. Other techniques are based on optical selection
techniques such as 4WM [292]. Also using SBS as a narrowband amplifier was proposed
and applied [144, 293, 294].

Phase noise

As pointed out previously in this chapter the most important property of an oscillator is its
stability. A common way to determine the stability and hence characterize an oscillator
is by measuring the phase noise of the oscillator signal. A scheme of a perfect sinusoidal
oscillation and the impact of phase or amplitude fluctuations is illustrated in figure 6.3.

Here we focus on the phase fluctuations and for the most part neglect amplitude noise.
Phase noise is directly correlated to frequency noise and hence crucial for any applications
relying on the precise frequency of the oscillator. The quantity describing the phase noise of
an oscillator is known as L ( f ) and is given in dBc/Hz where dBc stands for dB relative
to the carrier power. The original definition of L ( f ) was the single sideband power in
1 Hz bandwidth over the carrier power. As this definition is ambiguous (e.g., it does not
discriminate between contributions from amplitude and phase noise), it is now replaced. The
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Fig. 6.3 a) Illustration of amplitude noise. b) Illustration of phase noise.

new definition of L ( f ) is given by:

L ( f ) =
1
2

Sφ ( f ) (6.7)

where Sφ ( f ) is defined as single sideband power spectral density of the phase fluctuations
φ(t) [295]. Sφ ( f ) is related to the power spectral density Sf( f ) which describes the frequency
noise via [295]:

Sf( f ) =
f 2

fc
Sφ ( f ) (6.8)

with the carrier frequency fc.

We now have a look at the phase noise of the OEO. It was shown that the phase noise of an
OEO does not increase with frequency [290]. This differentiates the OEO from all electrical
synthesizers and oscillators that rely on frequency multiplication.
There are different sources of noise in an OEO that influence the generated signal, such as
thermal noise, shot noise and relative intensity noise (RIN). These different noise sources
can all be summed up in an overall noise density ρN [290].

ρN = ρthermal +ρshot +ρRIN = 4kB T (NF)+2eIph R+NRIN I2
ph R (6.9)

with the Boltzman constant kB, the temperature T , the noise factor of the RF amplification
NF , the electron charge e, the photocurrent Iph and the relative intensity noise (RIN) of the
laser NRIN.
The sum of all these noise contribution can be lumped together and hence described, in a
simplistic model, as they would enter the OEO cavity at the output of the photodetector
before entering the RF amplifier (compare figure 6.1 a)). The input signal to the RF amplifier
is given by Posc /G2

A, with the oscillating power Posc and the amplifier gain GA. This allows
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us to define a noise-to-signal ratio (NSR) [290] :

NSR =
ρN

Posc /G2
A
=

|G|2

1−1/ |G|
4kB T (NF)+2eIph R+NRIN I2

ph R

4η2 cos
(
πVB /Vπ

)
I2
ph R

(6.10)

Here we used the dependence of the oscillating power Posc on the photocurrent Iph and the
gain of the RF amplifier GA, which we was than related to the overall loop gain G (compare
equation 6.4; a detailed derivation of equation 6.10 is given in [290]).
Equation 6.10 allows us to draw some conclusions about the noise dependence in an OEO
on the photocurrent. First of all the noise-to-signal ratio is decreasing with increasing pho-
tocurrent. For high photocurrents, the NSR levels and follows the RIN of the carrier laser
and thermal and shot noise only play a minor role.

We now want to look at the spectrum of the OEO, or in other words want to describe the noise
of an OEO depending on the frequency relative to the output signal and give an expression
for the full width at half maximum (FWHM) of the output signal ∆ fFWHM. The ∆ fFWHM is
given by [290]:

∆ fFWHM =
1

2π

NSR
τ2 =

1
2π

G2
A ρN

τ2 Posc
(6.11)

The FWHM of an OEO signal resembles closely the Shawlow-Townes formula for the
linewidth of a laser signal. In the latter case of the laser, the numerator G2

A ρN is replaced by
the spontaneous emission rate and the delay time τ in the denominator with the laser cavity
decay time.
In a similar way one can receive the power spectral density SRF( f ) of the RF noise of the
OEO for frequencies much larger than ∆ fFWHM /2 [290]:

SRF( f ) =
1

4π2
NSR
τ2 f 2 =

1
4π2

ρN G2
A

Posc τ2
1
f 2 (6.12)

Equation 6.12 is the power spectral density SRF( f ) of all noise contributions, i.e., amplitude
and phase noise. However, in most practical cases the amplitude fluctuations are much
smaller than the phase fluctuations (amplitude fluctuations are greatly reduced by saturating
RF components within the OEO cavity); hence the SRF( f ) can be approximated as the single
sideband phase noise of the OEO [290]. From equation 6.12 one can identify the typical f−2

decay of the phase noise with frequency offset from the carrier.
This f−2 decay is valid for frequencies above 1 kHz frequency offset that complies with
the previous assumption of frequencies much larger than the FWHM of the output signal
∆ fFWHM. Other noise sources closer to the carrier have been identified [296–298]. The very
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low-frequency range from 1 Hz to 10 Hz can be identified as environmental fluctuations
of the length of the long fiber delay. These fluctuations can originate from temperature or
acoustic variations. These noise contributions usually fall off with a f−4 slope.
The frequency range from 10 Hz to about 1 kHz is usually dominated by flicker noise from
the RF amplifiers and the noise falls of with a f−3 slope. Higher frequency offsets from the
carrier are dominated by the previously described f−2 decay. This f−2 decay flattens out
and becomes white phase noise ∝ f 0 at the frequency that is the inverse of the cavity delay
time τ . This flat phase noise is due to the non-oscillating higher order cavity modes. For
example for a cavity length in the range of a km the sidemodes appear in the range of 100 kHz.

We have seen the basic operation principle of an OEO. In the rest of this chapter, we show
an OEO approach, which is based on high Brillouin gain waveguides and generates pure
microwave signals with a frequency tunability of almost 40 GHz while maintaining low phase
noise.
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6.2 Publication: A widely tunable, low phase noise microwave
source

This chapter presents an OEO based on a photonic waveguide that harnesses SBS as an active
filter. The following of this chapter is based on the publication:

M. Merklein, B. Stiller, I. V. Kabakova, U. S. Mutugala, K. Vu, S. J. Madden, B. J. Eggleton,
and R. Slavík, “Widely tunable, low phase noise microwave source based on a photonic chip,”
Optics Letters 41, no. 20, 4633 (2016).

Abstract

Spectrally pure microwave sources are highly desired for several applications ranging from
wireless communication to next generation radar technology and metrology. Additionally to
generating very pure signals at ever higher frequencies, these advanced microwave sources
have to be compact, small weight and low energy consumption to comply with in-field
applications. A hybrid optical and electronic cavity, known as an opto-electronic oscillator
(OEO), has the potential to leverage the high bandwidth of optics to generate ultra-pure high-
frequency microwave signals. Here we present a widely tunable, low phase noise microwave
source based on a photonic chip. Using on-chip stimulated Brillouin scattering (SBS)
as a narrowband active filter allows single mode OEO operation and ultrawide frequency
tunability with no signal degeneration. Furthermore we show very low close-to-carrier phase
noise. This work paves the way to a compact, fully integrated pure microwave source.
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Introduction

Ultra-pure microwave signals are essential for radar technology to precisely measure the dis-
tance of objects, as reference clocks for communication networks or data carriers for wireless
communication. Especially with mobile communication being omnipresent in every-day’s
life the demand for bandwidth in wireless communication schemes is steadily increasing and
therefore microwave sources which are able to generate stable high-frequency microwave
signals (several tens of GHz) in a small form factor are needed.
The generation of high frequency microwave signals as data carriers, however, is challenging
when done electronically, because the losses are increasing with higher frequencies and elec-
tronic systems are known to suffer from parasitic electromagnetic interferences. Microwave
photonics, in particular integrated microwave photonics, offers great potential to overcome
these barriers and provides solutions for problems known to be notoriously challenging in
electronics [299]. A good example is an optoelectronic oscillator (OEO), which harnesses
optics to generate ultra pure microwave signals [300, 301, 294, 302].
It was shown that these oscillators - consisting of a cavity which is half optical and half

electrical - can be used to generate pure single frequency microwave sources with very low
phase noise [303]. However, most of the demonstrated OEOs did not take advantage of the
large bandwidth optics is able to provide. The main reason for this limitation is the fact that
the OEO relies on a narrow-band filter to ensure that only one cavity mode is oscillating.
This filter needs to fulfill quite stringent requirements: on the one hand it needs to operate in
the range from GHz to tens of GHz, and on the other hand exhibit very narrow bandwidth in
the orders of a few MHz or less. This filter can be implemented in either the optical or the
electrical part of the cavity. However, electrical filter with the above-mentioned requirements

Signal
laser PM

1% 1%

Pump
laser

LN
EDFA

BP

50/50
RF Spectrum

Analyser

RF Ampli�er

PC3
PC2PC1

PD

Isolator

EDFA

Chalcogenide chip

PumpCarrierCarrier Side mode Ampli�ed
side mode

ΩSBSRF OUT

Circulator

a) b)

c)
Signal
laser

Pump
laser

Photo -
detector

Phase -
modulator

SBS gain
medium

Circulator

Coupler

RF OUT Modulated
carrier OUT

Fig. 6.4 a) Artist’s impression of a fully integrated OEO. b) Basic principle of the SBS-based
OEO. The narrow band Brillouin gain amplifies one of the side modes converting the phase
modulation into an amplitude modulation which can be detected at a photodetector. c) Exper-
imental setup of the chip-based OEO. PC1-3: Polarisation controller; PM: Phase modulator;
EDFA: Erbium-doped fibre amplifier; LN EDFA: Low-noise EDFA; BP: Bandpass filter; PD:
Photodetector.



118 SBS with radio frequency feedback

usually have a high insertion loss (typically around 10 dB) and lack tunability. The high loss
also degrades the noise performance of the OEO as it requires reamplification of the signal.
Similar problems occur for narrow-band optical filters, such as e.g. high finesse Fabry-Perot
cavities.

Here we show the first photonic-chip based OEO employing a narrow-band active Brillouin
filter. Besides being chip-scale size with the potential to be fully-integrated, the Brillouin
filter provides gain to the cavity and therefore no additional reamplification to compensate fil-
ter losses is required, allowing low phase noise (< -100 dBc/Hz at 100 kHz offset frequency).
The active Brillouin filter also allows ultra-wide tunability of the generated microwave signal
without any degradation of performance (in our demonstration up to 40 GHz).
Harnessing the large Brillouin gain of chalcogenide rib waveguides allows to employ the
Brillouin filter in a short length [75, 81, 106], which makes this demonstration the first truly
single mode OEO based on a Brillouin filter. Therefore the stability of the OEO is increased
as there is no mode-hopping occurring. Relying only on very few components - which all have
been demonstrated on-chip already [304–310, 101] - the design and construction of a fully
integrated OEO is feasible (see Fig. 6.4 a). Therefore this work paves the way to a cost effec-
tive, due to scalability in the fabrication process, small-footprint ultra-pure microwave source.

Basic Principle and Experimental Setup

The basic principle and the experimental setup of the chip-based OEO is depicted in Fig.
6.4 b) and 6.4 c), respectively. A signal laser, a distributed feedback (DFB) laser, passes
through a phase-modulator and is coupled to a 6 cm long highly nonlinear chalcogenide rib
waveguide with a cross-section of 850 nm × 2.6µm. A second DFB laser serves as a pump
and is coupled from the opposite side to the chip, generating the narrow-band SBS response.
SBS describes a nonlinear interaction between an optical pump ωpump, an acoustic wave
ΩSBS and an optical Stokes wave ωS. In this process the optical Stokes wave experiences ex-
ponential gain [108]. Initially the phase modulator gets just seeded by white noise. However,
as SBS provides a narrow-band gain inside the cavity one of the side modes gets amplified.
The bandwidth of the SBS gain is around 30 MHz in chalcogenide glass [75], which is
significantly wider than the linewidth of the used pump laser (sub-MHz).
The radiofrequency (RF) beat frequency gets fed back into the phase modulator, and
above a threshold the OEO starts oscillating at this particular frequency, which is given
by ωOEO = ωpump −ΩSBS −ωcarrier. As only one side mode gets amplified the phase mod-
ulation is converted into amplitude modulation, which can be detected at a photodetector.
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Therefore the Brillouin active filter allows the use of a phase modulator instead of the inten-
sity modulator commonly used in OEOs. A phase modulator does not require a DC bias,
which would otherwise need to be controlled with a low-noise phase-lock loop. It also has
lower insertion loss, further reducing the cavity loss and thus the noise of the OEO signal.

Characterisation of the On-Chip OEO

An optical spectrum of the built OEO is presented in Fig. 6.5. It shows the OEO in open loop
operation with 10 dBm RF seed power from an RF signal generator at the phase modulator.
One can see that SBS amplifies the upper side mode leading to 12 dB difference in optical
power of the two side modes, matching the power of one side mode with the carrier power.
In the right corner of Fig. 6.5 one can see the residual SBS pump, backreflected from the
facet of the chip.

In our measurement an optical bandpass filter is used to remove this backreflection to
avoid any detrimental beat signals. We want to clarify that the optical bandpass filter in
the setup shown in Fig. 6.4 c) serves the only purpose to suppress this backreflected SBS
pump laser signal. The backreflected pump signal, however, could be strongly suppressed by
moving to a fully integrated chip, using wire bonding [311] or photonic chips with tapers
and anti-reflection coatings [312].
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Fig. 6.6 a) RF spectrum of the OEO output signal at around 40 GHz. b) Ultra-wide tunability
of the OEO output signal. The tuning is achieved by tuning the pump laser frequency relative
to the carrier frequency (RBW: Resolution bandwidth).

The oscillating microwave mode of the OEO is shown in Fig. 6.6 at a frequency of around
40 GHz. The total span of Fig. 6.6 is only 250 kHz showing the narrow linewidth character
of the OEO. In Fig. 6.6 b) we show the ultra wide tunability of the SBS-based OEO. This is
one of the key advantages of photonics compared to electronics - there is no degradation in
the signal when going to higher frequencies. Whereas the high quality microwave output
is a typical characteristic of an OEO, the wide tunability is a specific feature of the dual
pump SBS based setup. Here the OEO output frequency can be simply changed by tuning
the frequency of the carrier laser relative to the SBS pump laser. The spectra were measured
in 5 GHz windows and stitched together to obtain better resolution. We want to emphasize
that there were no other cavity modes oscillating over the whole span, besides the main OEO
output mode. Here we show tunability up to 40 GHz, which is only limited by our equipment
- namely the modulator and the photodetector. However it was shown that all-integrated
modulators can exceed modulation speeds of 100 GHz [306–309] and recent research on
graphene photodetectors predicts operational speeds of up to 500 GHz [313].

Purity of the Generated Microwave Signal

The most important figure of merit for microwave sources is its stability, which can be
quantified by measuring the phase noise of the source. This gives a direct indication of
the stability and purity of the source. Fig. 6.6 a) shows the measured phase noise of our
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SBS based OEO and compares it to a high-range commercial microwave source (Agilent
N5183A). The phase noise is measured using an microwave spectrum analyser (Agilent
E4448A).
In the range up to 1 MHz we see no detrimental cavity side modes present. This is a result
of the high SBS gain on-chip enabling a short cavity (in total about 25 m), which results in
a truly single moded OEO with great stability and no detrimental mode-hopping. Further-
more, we see that the phase noise of the OEO at close-to-carrier frequencies is orders of
magnitude lower than the Agilent microwave source. The flat and low noise of the OEO at
low frequencies is a result of the noise properties associated with SBS. At low frequencies
(below 10 kHz offset frequency), SBS was reported to generate an optical signal with unusual
relative intensity noise (RIN) characteristics. At low offset frequencies (< 10 kHz) the SBS
signal RIN is decreasing at about an f 2 rate [314], whereas the RIN of optical signals usually
increases at f−1 rate or is white f 0. As white RIN produces the typical f−2 OEO phase noise
[300], SBS RIN (with f 2 slope) is expected to produce flat phase noise, which is perfectly in
line with our experimental observations.

Furthermore it is known that operating the SBS filter / amplifier in saturation leads to an
improved noise performance [315]. Operating at relative high pump powers (around 23 dBm)
also provides the maximum gain for the selected sideband mode, giving the steepest response
of the active Brillouin filter. It is worth mentioning that the photocurrent from the photodiode
of our OEO was high, about 20 mA, making optical RIN the dominant contribution of the
noise [300]. This is opposed to most OEO demonstrations, where thermal or shot noise was
the limiting factor. Besides a slight bump in the phase noise curve at around 10 kHz the phase
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noise of the OEO is below the commercial microwave source.
Fig. 6.6 b) compares the noise performance of the OEO at 40 GHz and at 10 GHz. It was
shown previously [300] that the phase noise of an OEO does not depend on the operation
frequency, which we also observed experimentally for frequencies up to 30 GHz. Beyond
this frequency, we saw slight signal degradation due to the limited bandwidth of the used RF
components. The phase noise at 40 GHz (limited by the used RF components) and 10.9 GHz
(typical performance up to 30 GHz) is shown in Fig. 6.7 b). However, these limitations can
be overcome with better components and therefore the noise performance of the OEO could
be further improved at high frequencies.

Conclusion and Outlook

We demonstrated a chip-based highly pure microwave source harnessing SBS. We show
that the noise performance of our on-chip OEO is comparable with high-range commercial
microwave sources. The strong photon-phonon interaction in chalcogenide waveguides
enabled us to utilize high Brillouin gain in a short length scale, realising the first single-mode
OEO based on SBS. Furthermore replacing the commonly used electronic filter in the OEO
cavity with an active SBS filter enabled ultra-wide tunability of the OEO output frequency.

This work paves the way to more compact stable microwave sources. As the whole
setup can be integrated on one photonic chip (Fig. 6.4a) there is great potential to leverage
existing nano-and microfabrication facilities with great advantages concerning costs and
scalability. A chip-scale source of highly pure microwaves would have a big impact on
applications where the size and weight are key demands: such as mobile communication and
on-field radar applications. An all-integrated OEO (Fig. 6.4a) could be interfaced with further
photonic components using wire bonding [311]. Additionally to the microwave output an
OEO is also able to output the microwave signal modulated on an optical carrier. Therefore
it could be used directly in microwave photonic circuits without the need of additional
conversion/modulation or be transmitted as radio over fibre signal.

The chip depicted in Fig. 6.4 a) relies only on very few components - of which all are already
demonstrated in all-optical chip-scale platforms. Fast photodetectors are available on chip
[304, 305] and are steadily improving concerning conversion efficiency and speed. Several
different modulators - based on graphene, plasmonics or hybrid organic structures - were
also demonstrated on chip recently [306–309]. These on-chip modulators and photodetec-
tors do not only have a very small footprint but also offer operation speeds not seen in
commercially available products today. For the SBS waveguide one could either think of a
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hybrid chalcogenide-on-silicon structure or use silicon waveguides, as Brillouin net gain in
silicon was demonstrated recently [101]. Chip integrated isolators or circulators, however,
are notoriously challenging [316]. In recent years there was a lot of progress and there are
demonstrations with sufficient isolation between the respective ports [310, 317]. On the other
hand our concept of an all-integrated OEO does not rely on the circulator - a simple coupler
combined with a bandpass filter would also work [318, 319]. Both are standard components
in photonic chips today.
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6.3 Outlook

Further directions of the Brillouin OEO

Here an outlook on further directions for an on-chip Brillouin based OEO is given. First of
all, a few adjustments to the current setup will potentially improve the noise performance of
the demonstrated OEO configuration. In particular waveguides with larger gain and lower
insertion loss could improve the noise performance of the OEO. With larger SBS gain in the
cavity, one could remove the low-noise EDFA in the cavity which directly should positively
affect the noise performance. Furthermore, a photodiode with a higher current output and a
modulator with a lower Vπ could potentially allow to fully remove the RF amplifier, reducing
system complexity, power requirements and further boosting performance. Moreover, these
two components are setting the upper limit of the frequency tunability to 40 GHz in the
current experiment. The basic operation principle of the Brillouin OEO, however, would
allow a much wider frequency tuning range to even higher frequencies.
Also, a single laser setup that uses a single sideband modulator could improve the performance
by avoiding relative drift of the two lasers. For the latter case, however, initial experiments
did not show a significant improvement in performance but might have been simply limited
by the performance (loss, conversion efficiency) of the available single sideband modulator.
Based on the here demonstrated Brillouin OEO a similar OEO configuration was suggested
by Peng et al. [320]. Instead of using the Brillouin gain resonance the Brillouin loss is used
to filter one of the sidebands of the phase modulator in the OEO cavity and hence convert the
phase modulation to an amplitude modulation that can be detected by the photodiode. This
proposed scheme was implemented in a dual-fiber OEO configuration and showed improved
noise performance compared to the amplification based configuration. The given explanation
is that in the loss configuration there is less pump laser noise transferred to the OEO cavity
as compared to the amplification configuration. So far this scheme was only shown in fiber
and could be implemented on-chip.
Recently it was shown that a chalcogenide waveguide can be interfaced with a silicon
chip manufactured in a state-of-the-art CMOS foundry via hybrid integration [122]. The
chalcogenide waveguide was interfaced with silicon waveguides and showed more than
20 dB gain. With this result, the vision of an all-integrated OEO presented in the paper
in figure 6.4a) is coming closer to realization. As elaborated in this chapter interfacing
the chalcogenide gain medium with other on-chip components can not only reduce the
footprint but also increase performance, in particular in terms of high-frequency operation.
An interesting approach would be to interface the nonlinear chalcogenide waveguides with
linear spiral waveguide delay lines [321]. On-chip delay lines with up to 39 m optical path
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length, have been shown [321] with the same paper proposing delay lines up to a length
of 250 m. Including these ultra-long delays in the OEO cavity should greatly reduce the
noise performance of the OEO [290]. The longer cavity, however, would cause several cavity
modes to be within the Brillouin gain resonance; hence mode competition and hopping
would be a likely consequence. To maintain single mode operation, one would need to
narrow down the Brillouin gain resonance which was successfully demonstrated previously
[322, 323]. Combining a tailored gain spectrum with a long OEO cavity could lead to
significant performance improvements. The question whether this configuration can reach
the superb noise performance of OEOs based on ultra-high Q resonators is not easy to answer.
However, the Brillouin based OEO has the advantage of continuous frequency tunability,
simplicity and robustness, not requiring locking and stabilization of a cavity mode.
With these suggested approaches the phase noise of the OEO could improve further, however

the one limiting factor will always be the noise of the laser that acts as the carrier for the
beat note which is detected by the photodiode and fed back into the cavity. To improve the
stability and noise of the carrier one could imagine using a Brillouin laser configuration in
combination with the Brillouin OEO. A schematic of such a setup is shown in figure 6.8.



126 SBS with radio frequency feedback

As shown in the introduction chapter 2.3 Brillouin laser can lead to linewidth narrowing of
the pump laser and hence generate ultra narrow laser signals [80, 89, 120]. The inner cavity
is the half optical half electrical cavity used in the OEO setup presented in the previous
section (compare figure 6.4). The outer cavity is an optical Brillouin laser cavity to generate
a more stable carrier signal that is fed into the OEO cavity. A narrow bandpass filter is used
to make sure only one Stokes wave oscillates. The tunability would then be achieved by
tuning the second pump laser relative to the pump laser that generates the first Stokes wave
in the Brillouin laser configuration. Note that the two pump waves in this configuration
are co-propagating through the nonlinear chalcogenide waveguide and therefore one should
consider and mediate other nonlinearities, such as 4WM. This is a task, however, that can be
managed by dispersion engineering the waveguide.

Concluding remarks

A chip-based OEO harnessing Brillouin scattering in a waveguide was shown. Impressive
performance was achieved, and the concept has large potential for further investigation.
In particular the prospect of hybrid integration and the possibility of combining nonlinear
and linear elements on one photonic chip. For ultimate phase-noise performance in a
small footprint, high-Q resonators are still the best option due to their high energy storage
capabilities. The SBS waveguide approach, however, has advantages when it comes to
frequency tunability. Furthermore, the fabrication demands for a waveguide approach are
relaxed compared to high-performance resonators, no cavity locking is required, and the
output power can be high because there is no field build-up like in a high-Q resonator. Recent
progress in integrated optics and fabrication methods, on the other hand, could enable a
hybrid OEO consisting of a high-Q ring as an energy storage element and SBS as a mode
selector and hence combining both worlds for the maximum performance.



Chapter 7

Advanced SBS based signal processing:
A photonic-phononic memory

In this chapter, a BBM is presented that allows the storage of optical data pulses in a photonic
integrated circuit. In this concept, SBS is used to efficiently transfer optical information to
traveling acoustic waves and unambiguously retrieve it again afterward. Due to the large
difference in the optical and acoustic velocity the signals are effectively delayed. But why do
we want to delay an optical signal in the first place? In the next section, an introduction to
optical delay schemes is given to contextualize the results presented in [324].

7.1 Introduction

Altering the speed of light is an endeavor that has excited researchers for many decades due
to its large potential impact on future technologies but also because it is intriguing from
a fundamental science point of view. How slow can we make a light pulse propagate that
usually travels with the fastest velocity known to us?
The fast speed of light allows us today to communicate all around the globe with minimum
latency by using modern optical communication schemes. However, this large speed of
light becomes a real challenge when processing data all-optically, in particular in compact
integrated circuits. Also for "simple" optical interconnects on a chip between different
processors it becomes a challenge, as it requires temporarily storing the optical information
while a processor is occupied, to provide enough time to reroute it to a different processor or
to synchronize it with a separate data stream.
Therefore the ability to control and reduce the speed of light and hence the flow of information
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in optical data transmission and all-optical signal processing schemes would greatly excel
the performance of these systems. It would allow to temporarily slow down or store optical
information without the need to convert it into an electrical signal, that is then parked in a
conventional binary electronic memory. The ability to store and delay information carried by
light in a direct fashion would release many constraints in current systems.
There is the obvious speed advantage of avoiding any additional electro-optical conversion,
along with the prospect of greatly reduced energy consumption. Light can carry a large
amount of data due to advanced telecommunication schemes that harness many different
degrees of freedom of the optical wave. So is data encoded in multiple amplitudes and phase
levels, sent simultaneously in many wavelength channels, as well as polarization states and
modes. The advantage of delaying such complex encoded signals directly, without the need
of decoding and re-encoding, is greatly reducing system complexity, energy consumption
and latency.
However, delaying optical signals while maintaining all the aforementioned properties - in
particular amplitude, phase, and frequency - without inducing distortion is very challenging.
The requirement of a large bandwidth (> GHz) and a large fractional delay makes it even
harder.

Researchers proposed many different solutions to address and solve this challenge. We have
seen in section 4.2, that optical resonances are accompanied by a change in the refractive
index that can lead to the phenomena of slow-light. As this phenomena is universal it was im-
plemented in a manifold of platforms, such as photonic crystals [203, 204], coupled-resonator
optical waveguides (CROWs) [207], high-Q resonators [325], atom clouds and Bose-Einstein
condensates [205, 206]. Very low group velocities and large fractional delays were achieved
in pioneering experiments in the latter two platforms [205, 206]. However, even though these
delay schemes were achieving impressive performance, they are not readily transferable
outside a laboratory environment. Furthermore, the wavelength of the resonance often does
not fall within the telecommunication wavelength band around 1.5µm. For this reason, we
want to focus the following discussion on signal delay schemes that can be achieved in an
optical fiber or chip-scale platforms.

It turned out that the interaction between photons and phonons offer flexible and powerful
ways to delay optical signals and has been implemented in many different platforms, from
standard optical fiber to optomechanical resonators and crystals to photonic-phononic waveg-
uides. On the one hand, phonons induced by SBS in standard telecommunication fiber and
on-chip waveguides can be utilized to slow down optical information, which is known as
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SBS slow-light. On the other hand phonons itself can store optical information - either in
the form of long-lived mechanical excitations in resonators or traveling acoustic wave in
phononic waveguides. In the following, we will provide an overview of phonon-based optical
delay or storage schemes.

Fiber based approach - delaying signals with SBS

Different SBS based delay schemes in fiber have been realized over the years. This chapter
gives an overview of the different approaches, ranging from SBS slow-light, SBS quasi-light
storage to SBS light storage.

SBS based slow-light: We have seen that the narrowband Stokes resonance generated via
SBS induces slow-light in an optical fiber [181, 326] (see chapter 4.2). The advantages of
this approach seem to be evident: it only relies on telecommunication components, works
at room-temperature and the delay can be dynamically controlled via the pump power (see
equation 4.25). In the pioneering work from Okawachi et al. [180] the delay of a 15 ns pulse
using SBS slow-light in optical fiber was shown (see figure 7.1 a). At the same time, the
seminal work from Song et al. [208] showed the dependence of the delay on the Brillouin
gain / pump power (see figure 7.1 b).
The concept of SBS slow-light was later also successfully implemented in on-chip waveg-
uides [77]. In this demonstration, large changes in the group index ∆ng were achieved due to
the orders of magnitude larger Brillouin gain compared to standard silica fibers (see figure
7.1 c). However, even though large changes in the group index could be shown, the fractional
delay (the number of pulse widths the pulse can be delayed), was still limited to only around
one pulse width.
Achieving large fractional delays is one of the main challenges in SBS slow-light research

and is well described by a statement from Luc Thevenaz [181]:

"In practice the maximum delay only amounts to one to two pulse widths, and breaking this
deadlock remains a major challenge for research on slow light based on spectral resonances."

In the following years, many attempts were pursued to increase the fractional delay, extend
the bandwidth and to minimize distortions in SBS slow-light schemes [327–334]. One great
advantage of SBS slow-light is that the resonance that generates the slow-light behavior
can be altered and tailored by the profile of the pump laser and as opposed to a resonance
given by a material or structure. The first demonstration of altering the SBS gain profile
relied on two optical pumps in close vicinity to each other [335]. Using a pump that included
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two frequencies provided a great increase in control of the dispersion of the generated SBS
resonance and even allowed to switch between SBS slow- and fast-light [335].
Following these seminal demonstrations, different forms of tailoring the pump profile
emerged that can be categorized in the following way: using multiple discrete frequency
pumps or continuously broadening a single pump profile. In the first case, best slow-light
performance was achieved using three separate tones [336, 337]. Continuously broadening
the pump spectrum allowed to slow down light signals with much larger bandwidth (exceed-
ing 10 GHz), compared to the narrowband intrinsic Brillouin linewidth [327–331, 333].
However, broadening the SBS gain to delay broadband signal did not come without an
additional cost; the required pump power to maintain the same normalized delay increases
proportionally to the broadening. If one wants to maintain the same absolute delay the
required pump power increases quadratically, as the achievable delay is not only proportional
to the peak power but also proportional to the bandwidth of the resonance. Hence to achieve
the same fractional delay for a 10 GHz broadband signal compared to a signal narrower than
the intrinsic Brillouin linewidth, 350 times higher pump power is required [181].
Further efforts were undergone to increase the fractional delay in SBS slow-light schemes
which have been limited to a few pulse widths even with the great achievements in broadening
the spectral response. Cascading several slow-light segments allowed increasing the frac-
tional delay [179], however with the cost of system complexity and only a small improvement
in overall delay.
With all the aforementioned challenges and proposed solutions it was shown by Khurgin
[338] that a delay scheme based on optical amplification, such as SBS slow-light, still is only
able to delay a sequence of maximum five bits. The number five follows from realistic power
budget considerations in a fiber-based slow-light setup and is a consequence of the fact that
the required gain in such a delay scheme increases in a nonlinear way with the number of

a) b) c)

Fig. 7.1 a) Pulse delay of a 15 ns Stokes pulse [180]. b) Tunable delay of a 100 ns pulse
for different Brillouin gain values [208]. c) Change of the group index of an on-chip SBS
slow-light implementation [77].
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delayed bits [338].

SBS based quasi-light storage: SBS based quasi-light storage is a concept that was pro-
posed and demonstrated in 2009 to overcome the shortcomings of SBS slow-light if it comes
to large fractional delays [339–342]. This scheme uses SBS to sample a data pulse with a
frequency comb. The sampling produces a pulse train of identical copies of the original data
pulses. Hence the term quasi-light storage was introduced, as the information is not stored
but copied many times. The delay of the data is achieved by selecting one of the copies,

Fig. 7.2 Juxtaposition of signals in the time domain and the corresponding frequency spectrum
[339]. a) Pulse in the time domain and b) corresponding spectrum. c) Ideal pulse train and d)
corresponding ideal sampled frequency spectrum. e) and f) show a pulse train and frequency
spectrum when sampled with a finite bandwidth.
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which succeed the original data pulse.

The basic principle of this light storage technique is shown in figure 7.2. The underlying
principle of quasi-light storage relies on the correspondence between the time and frequency
representation of a pulse. A frequency comb corresponds to a pulse train in the time domain.
Multiplying a pulse with a frequency comb in the frequency domain corresponds to a convo-
lution in the time domain and hence a pulse train consisting of copies of the original data
pulse.
In the quasi-light storage scheme, SBS is used to multiply the optical data pulse with a
frequency comb in the frequency domain. The frequency comb counter-propagates the
optical data pulse, and via Brillouin amplification "samples" the data pulse. The separation
in the time domain between these copies is given by the frequency spacing of the individual
comb lines. Selecting one of the copies with a photonic switch allows retrieving a copy of
the original data pulse, however at a delayed time. The maximum delay of these copies is
given by the width of the comb lines, which is given by the Brillouin linewidth. Operating
the quasi-light storage scheme in the high pump power regime, which reduces the Brillouin
bandwidth to around 10 MHz, allows for a storage time of around 100 ns [339].
The delay time can be increased even further by narrowing the Brillouin gain spectrum. It
was shown that by overlying the Brillouin gain spectrum with two Brillouin loss (anti-Stokes)
spectra, the Brillouin gain bandwidth could be reduced to 3.4 MHz [343].
Applying the gain narrowing technique to the light storage scheme allowed to further increase
the delay time up to 140 ns. A measurement of a train of copies of a data bit pattern using
quasi-light storage with narrowed Brillouin spectrum is shown in figure 7.3. A fast optical
switch is used to select one of the delayed bit patterns after the desired delay time.

Fig. 7.3 Train of copies of a bit pattern generated in an SBS quasi-light storage scheme [341].
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Quasi-light storage could overcome many of the shortcomings of SBS slow-light to delay
bursts of data packages. A fast switch is required to select the desired optical pulses. Ways
to extend this concept to streams of data are not obvious at this point. However, SBS can
also be used to achieve light storage in the acoustic wave, which will be described in the next
section.

SBS based light storage: In this approach SBS is used to store light in the form of an
acoustic wave. SBS acts as a coherent coupling mechanism between optical data pulses and
acoustic waves, where the information is completely transferred from the optical domain
to acoustic waves, which travel orders of magnitude slower than the speed of light. In this
scheme, the optical pulse does not experience a different group velocity as in SBS slow-light
but are actually stored as an acoustic excitation. An optical read pulse subsequently transfers
the information back from the acoustic to the optical domain.
The first proof-of-principle implementation of this idea was realized in highly-nonlinear fiber
[344]. The main results of this demonstration are summarized in figure 7.4.
With this approach Zhu et al. were able to store 2 ns long pulses for up to 12 ns, which

is a fractional delay of 6 and hence exceeding most SBS slow-light demonstrations. The
required power, however, was exceeding 100 W and the storage time is limited by the short
acoustic lifetime of the hyper-sound phonons. To overcome the high power requirements
and to enable longer storage times the idea of storing photons as phonons was transferred to
high-Q resonator structures. In these resonator structures, the acoustic lifetime of acoustic
modes can be orders of magnitudes larger than the high frequency traveling acoustic waves

a) b)

Fig. 7.4 a) Stored rectangular pulse in an optical fiber [344]. Note that the pulses right of
the dashed line were multiplied by a factor of two. b) Storage and retrieval of smooth pulses
with the retrieved pulses multiplied by a factor of two [344].
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in an optical fiber. The resonator based light storage schemes will be described in the next
section.

Micro-resonator based approach

Optomechanical resonators are resonators that efficiently couple optical cavity modes to
mechanical degrees of freedom. Due to the high Q-factors of these resonators the power
requirements to couple, the two waves are greatly reduced. More importantly, the acoustic
lifetime achieved in these resonators is much longer and hence when used to store light
pulses, much longer storage times can be achieved.
It was demonstrated by Fiore et al. that the previously described light storage concept
can be transferred from optical fiber to silica resonators [345]. The resonators used in this
demonstration have a diameter of around 30µm and offer acoustic and optical Q-factors of
3000 and 0.5×105, respectively. With the much larger acoustic Q-factor compared to optical
fiber, storage times in the µs range could be demonstrated (see figure 7.5). The optical modes
couple to a transverse breathing mode. It was shown by Fiore et al. [346] in a follow-up
paper that this storage process is fully coherent (see figure 7.6).

We have seen that the resonator approach has greatly increased the storage time is fully
coherent and hence can in principle preserve the quantum state of light [345]. Besides the
higher Q-factors compared to SBS based fiber approaches the nature of the acoustic mode
that stores the optical information is quite different. In the SBS based approach, it is a
traveling acoustic wave with stringent phase matching conditions, whereas in the resonator
based approach it is a transverse breathing type acoustic mode. In the latter case, there is only

a) b) c)

Fig. 7.5 a) Heterodyne measurement of a stored and retrieved optical pulse [345]. b) Expo-
nential decay of the energy of the readout pulse [345]. c) Temporal profile of the readout
pulse for different read pulse durations (blue 0.3µm, green 0.6µm, black 1.4µm) [345].
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a) b)

Fig. 7.6 a) Heterodyne beat between the read pulses and the retrieved pulses [346]. b)
Zoomed in version of (a) [346].

a minimum change in the k-vector of the involved light waves. The nature of the involved
acoustic wave has wide-reaching consequences.
The mechanical breathing mode can be excited at a certain optical frequency and afterward
read out by any other optical cavity mode. Hence it allows transferring a quantum state
from a certain frequency to another, which has potential applications in quantum signal
processing [347]. Whereas state conversion is a desired feature for quantum networks, this
non-frequency preserving nature can be disadvantageous in light storage for classical com-
munication applications, as it prevents multiplexing of data streams in different wavelength
channels.
Another challenge the resonator based memory faces is the fact that the retrieved data pulse
depends on not only the wavelength but also the profile and intensity of the read pulse. This
dependence on the read pulse condition might be a hindrance when encoding bit streams
with information encoded in the amplitude, as particular care has to be put on the writing and
reading conditions.

To overcome some of the aforementioned challenges a Brillouin based resonator approach
was pursuit [96, 95]. Here the light field does not couple to a radial breathing mode but a
mechanical whispering gallery mode that travels around the circumference of the resonator.
The pump, Stokes and mechanical wave have to fulfill the well known Brillouin phase
matching conditions (see figure 7.7 a). Hence this approach combines some of the advantages
of both schemes - the SBS approach and the micro-resonator approach.
In particular, the phase matching condition distinguishes the Brillouin resonator approach

from the previously described light storage scheme. The phase matching assures that only
certain optical waves can be coupled via the acoustic wave. Furthermore, it only couples
optical signal waves that co-propagate with the write and read pulses. Hence this approach



136 Advanced SBS based signal processing: A photonic-phononic memory

a) b)

Fig. 7.7 a) Basic principle and phase matching of Brillouin interactions in a resonator [95].
b) Non-reciprocal storage of light pulses using Brillouin optomechanical interactions in a
resonator [96].

allows for non-reciprocal light storage [96, 95] (see figure 7.7 b). Note that more recently
optomechanically induced non-reciprocity in micro-resonators was also shown, where only
co-propagating laser fields couple to a radial mechanical mode [348].
The phase-matching in the Brillouin light storage scheme assures that the frequencies of the
pulses in the storage process are preserved, which solves one of the main issues of previous
resonator based approaches for light storage. However, the frequencies are still bound to the
resonances given by the resonator, and therefore cannot be continuously tuned or adjusted.
Also, the bandwidth of the stored pulses is still very limited. This limitation arises due to the
narrowband nature of the resonances in the resonator configuration. Furthermore, the pulse
shape was preserved neither in these demonstrations (see figure 7.7).

We want to point out the similarity between the so far described light storage schemes in
micro-resonators and optomechanically induced transparency (OMIT), which was demon-
strated previously in toroids [56] and optomechanical crystals [59]. Even though being
conceptually very different, the coupling mechanism between optics and acoustics relies
on the same underlying physics. In both cases, optomechanical light storage and induced
transparency, a light field is coherently coupled to a mechanical mode.
In the case of induced transparency a probe laser field interferes with the anti-Stokes field of
a control laser in such way that a narrow band transmission window opens (see figure 7.8 a)
and b)). The same behavior can be achieved using Brillouin interactions in the resonator (see
figure 7.8 c, d and e)). As this effect creates a narrowband resonance (as in electromagneti-
cally induced transparency (EIT) in atomic vapor), it is also accompanied by a slow-light
effect that can lead to large delays due to the narrow bandwidth of the resonance.
In the optomechanical light storage case, optical control and probe fields also couple coher-
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a)

b)

c)

d)

e)

Fig. 7.8 a) Microcavity with a probe and control field that are coupled via a mechanical
excitation [56]. b) Narrowband transmission window generated via OMIT [56]. c) Schematic
of Brillouin induced transparency [96]. d) Narrowband transmission window generated via
Brillouin induced transparency [95] and e) accompanied slow-light effect [95].

ently to a mechanical mode. However, here an optical signal is not delayed by the strong
resonance in the transmission spectrum caused by the acoustic resonance. The delay rather
arises from a delayed retrieval via an optical read pulse of the information that was imposed
on the acoustic wave itself in the coherent writing process.
These effects - optomechanical light storage and induced transparency - in micro-resonators

can also be achieved in carefully engineered optomechanical crystals that support optical
and mechanical modes. Achievements based on these structures in the context of storing and
delaying signals are presented in the next section.

Optomechanic crystals to delay signals

Optomechanical crystals are periodically patterned structures that co-localize optical and
mechanical modes and allow strong interactions between the two [349, 350]. These structures
are quite similar to the previously described photonic crystals but exhibit, besides the optical
bandgap, also an acoustic bandgap [349, 350]. These optomechanical structures allowed for
many impressive demonstrations such as ground state cooling of a mechanical oscillator [57]



138 Advanced SBS based signal processing: A photonic-phononic memory

a) b)

Fig. 7.9 a) SEM image of an array of optomechanical cavities with different levels of zoom-
ins. Bottom right panel shows from top to bottom, the defect region of the optomechanical
crystal, finite element method (FEM) simulations of the electric field intensity and the
mechanical displacement [59] b) Signal delay for different pump powers [59].

and the previously mentioned induced transparency phenomena [59].
An array of optomechanical cavities is shown in figure 7.9 a). Figure 7.9 b) shows the achieved
delays in an electromagnetically induced transparency demonstration in such a cavity [59].
Transferring the induced transparency phenomena from atom clouds to optomechanical
crystals, greatly increases the control and tailorability of this slow-light technique. Impressive
delays could be achieved using this approach, however over a limited bandwidth.
It was theoretically proposed by Safavi-Naeini et al. [351] that optomechanical crystal

cavities can not only be used to slow down signals via induced transparency phenomena but
also by transferring the optical pulse to a traveling phonon. A schematic of the proposed
scheme is shown in figure 7.10. An optical wave excites a phonon that then travels in an
acoustic waveguide where it gets reflected at a phonon reflector and travels back to the cavity.
There the phonon couples back to an optical wave. The retrieved signal acquires a delay due
to the time associated with the phonon traveling forth and back.
An experimental demonstration of this proposed scheme was shown in a double cavity

configuration for microwave pulses [352] (see figure 7.10 b) and c)). Two optomechanical
cavities, R and L, are connected via a phononic waveguide. Figure 7.10 c) shows a phonon
pulse that is excited by a 20 ns microwave pulse in one cavity and travels forth and back
between the two. As outlined in the theoretical proposal [59] the signal acquires a delay
related to the travel time, in this case, between the two resonant cavities.
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a) b)

c)

Fig. 7.10 a) Scheme of a delay line based on a photon-phonon translator (PPT) [59]. b) SEM
image of an optomechanical crystal with a double cavity (L and R) connected via a phononic
waveguide [352]. c) A short microwave phonon pulse gets excited in cavity L and bounces
between the two cavities L and R [352].

Photonic-Phononic waveguides

In the following chapter, we present an approach based on a Brillouin scattering induced
state transfers from optical to acoustic waves [324]. We show that the capabilities of this
delay scheme go far beyond the initial demonstration in highly nonlinear fiber [344]. We
show that the memory is able to store phase and amplitude information and works at multiple
wavelengths.
These results were achieved in a small footprint chalcogenide waveguide that provides large
Brillouin gain. This large Brillouin gain allows performance that goes far beyond what is
possible in the fiber-based approach, as it allows operational bandwidths in excess of a GHz
(which would require hundreds of Watts of peak power in optical fiber and is hence not
feasible).
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7.2 Publication: An on-chip photonic phononic memory

This chapter presents a BBM showing the storage of light pulses in an integrated photonic
circuit. The following of this chapter is based on the following publication:

M. Merklein, B. Stiller, K. Vu, S. J. Madden, and B. J. Eggleton, “A chip-integrated coherent
photonic-phononic memory,” Nature Communications 8, no. 1, 574 (2017).

Abstract

Controlling and manipulating quanta of coherent acoustic vibrations - phonons - in inte-
grated circuits has recently drawn a lot of attention since phonons can function as unique
links between radiofrequency and optical signals, allow access to quantum regimes and
offer advanced signal processing capabilities. Recent approaches based on optomechanical
resonators have achieved impressive quality factors allowing for storage of optical signals.
However, so far these techniques have been limited in bandwidth and are incompatible with
multi-wavelength operation. In this work, we experimentally demonstrate a coherent buffer
in an integrated planar optical waveguide by transferring the optical information coherently
to an acoustic hypersound wave. Optical information is extracted using the reverse process.
These hypersound phonons have similar wavelengths as the optical photons but travel at
5-orders of magnitude lower velocity. We demonstrate the storage of phase and amplitude of
optical information with Gigahertz-bandwidth and show operation at separate wavelengths
with negligible cross-talk.
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Introduction

Storing or delaying optical signals has been a major driving force for a wide variety of re-
search efforts as it offers new possibilities in all-optical processing and enhanced light-matter
interactions. An optical buffer that is able to maintain the coherence of the optical signal,
i.e. storing amplitude and phase information, and is able to operate at multiple wavelengths
would greatly enhance the capacity of photonic integrated circuits and optical interconnects.
Coupling light to coherent acoustic phonons in optomechanical systems offers not only the
opportunity to slow down the velocity of an optical pulse [56, 59], but also enables a full
transfer of an optical wave to an acoustic wave [62, 345, 353, 63], which subsequently can
be transferred back to the optical domain after a certain storage time. Recent years have seen
great progress in increasing the storage time in photonic-phononic whispering gallery mode
resonators [96, 95, 348, 345] and optomechanical cavities [352, 354, 355], with reported
storage times on the order of microseconds. Furthermore, the photon-phonon-photon transfer
can be fully coherent [62, 354, 346]. However, there are several major challenges which
need to be addressed before an optical memory based on this approach is compatible with
all-optical information processing and transmission techniques.
First, any practical optical buffer needs, amongst other requirements, at least a GHz band-
width. Previous demonstrations relied on structural resonances – either in the form of high-Q
resonators or suspended optomechanical cavities, in which the bandwidth is limited to sub-
MHz. There are several theoretical proposals to increase the bandwidth in optomechanical
systems [351, 356] but there has been no experimental demonstration to date.
Second, optical data transmission schemes usually harness multiple wavelength channels
to increase the overall capacity. This means the storage process needs to work over a wide
frequency range (a large number of channels); and it needs to preserve the frequency of the
optical signal (no cross-talk between the channels). These requirements are challenging to
fulfill in photonic-phononic systems relying on structural resonances, e.g. silica fibre-tip
whispering gallery mode resonators or photonic-phononic crystal defect modes, since the
optical wavelength is strictly bound to the resonance frequency. In the case of whispering
gallery mode resonators, an optical pulse transferred to a phonon can be retrieved by a read
pulse at a different wavelength [345], so several wavelength channels cannot be stored and
retrieved unambiguously, since the storage/retrieval process is not frequency preserving
[347, 357].
Finally, a practical optical buffer must be chip-integrable and able to be interfaced with other
on-chip components, criteria not easily satisfied with other optomechanical platforms investi-
gated to date. Fused silica fibre-tip resonators are micrometre size [96, 95, 348, 345, 346]
but cannot be easily implemented onto a planar chip platform. Lithographically-produced
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photonic-phononic crystals, which form resonant cavities for the acoustic and optical modes,
possess the requisite small footprint [352, 354]. Despite this, they either rely on fibre taper
coupling [358, 359] that can be challenging to operate outside a laboratory environment or
require complicated under-etching processes to maximize the optical and acoustic Q-factor
[350]. The underetching step is required to confine the optical and acoustic modes in the
out-of-plane direction and avoid leakage to the substrate, but limits compatibility with planar
integrated photonic circuits.

Here, we demonstrate a different approach for coherent optical storage, harnessing travelling
acoustic phonons in a planar integrated waveguide. We transfer the information carried
by the optical signal to these acoustic phonons using stimulated Brillouin scattering (SBS)
[108, 344]. We demonstrate that this transfer is fully coherent by storing and retrieving
different phases. Our buffer does not rely on a structural resonance, so is not limited to a
narrow bandwidth or single wavelength operation. We show that the unique phase matching
condition between travelling acoustic and optical waves allows the unambiguous storage and
retrieval at several different wavelengths without cross-talk.
This result was enabled by a recent paradigm shift in SBS research from long lengths of
optical fibre to chip-scale devices, allowing the excitation of coherent acoustic phonons on
a chip using optical forces [75, 98, 101, 81, 106]. The opto-acoustic interaction strength is
increased by several orders of magnitude by using carefully designing waveguides that guide
optical as well as acoustic waves, allowing us to store broadband optical signals in a planar
waveguide without relying on a resonator geometry. The acoustic phonons travel in the
waveguide at a velocity that is 5-orders of magnitude slower than in the optical domain and
do not suffer from effects of optical dispersion and other detrimental optical non-linearities
during the delay process. Transferring the signal back to the optical domain leads to a delay
of the optical signal by approximately the time the signal was encoded as acoustic wave.

In this article, we exploit this ultra-strong local opto-acoustic interaction in a highly non-
linear chalcogenide spiral waveguide to demonstrate storage of several optical bits with
sub-ns pulse-width corresponding to a broad GHz bandwidth. We show the retrieval of the
phase and amplitude information, multi-wavelength operation and continuously adjustable
storage time over 21 pulse widths. We confirm our measurements using simulations based
on coupled-mode equations showing excellent agreement with the experimental results.
Our photonic-phononic memory operates at room temperature and only relies on a planar
waveguide that can be interfaced with other on-chip components in a straight forward manner.
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Results

Experimental approach

We use SBS - one of the strongest nonlinear effects - to coherently couple two optical waves
and an acoustic wave. The optical data signal is transferred to the acoustic wave by a strong
counter-propagating optical write signal. Using this nonlinear effect as a memory was first
proposed in highly nonlinear fibre[344, 360]. The storage of only one amplitude level of
several nano-second long pulses has been shown to date[344]. This is only a fraction of the
capability this memory concept can offer.

Our approach to write and retrieve the optical data pulses as acoustic phonons is schematically
shown in figure 7.11 a) and 7.11 b). A strong optical write pulse ωwrite, offset by the acoustic
resonance frequency of the optical waveguide material, propagates counter to the optical
data pulse ωdata. When the two pulses encounter each other, the beat pattern between the two
compresses the material periodically through a process known as electrostriction, exciting
resonantly and locally a coherent acoustic phonon Ω = ωdata −ωwrite.
The required power depends on the local Brillouin gain, which is orders of magnitude higher
in chalcogenide As2S3 rib waveguides than, for example, in standard silica fibre. The optical
and the acoustic modes are guided in the rib waveguide structure by the refractive index con-
trast and the acoustic impedance between the chalcogenide glass and the silica surrounding,
respectively [109]. Once transferred to the acoustic wave the information on the optical data
pulses can be retrieved after a storage time of several nanoseconds, corresponding to several
tens of data pulse widths.
The process is shown in figure 7.11 b). A strong read pulse is coupled into the waveguide
and retrieves the optical information by depleting the acoustic wave, the inverse process of
the writing step. The setup for the photonic buffer is schematically shown in figure 7.11 c) (a
detailed description of the setup can be found in the methods section 7.2 and in supplementary
figure 7.15).

Photonic chip

As a storage medium we use a small footprint spiral waveguide made from the chalcogenide
glass As2S3 comprising a rib waveguide structure with a cross-section of 2.2 µm by 800 nm.
A photo of the chip is depicted in the inset of figure 7.11 c) next to an Australian 50-cent
coin.
Every chip consists of spirals with several lengths ranging from around 9 cm to 24 cm. The
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Fig. 7.11 Basic principle and setup of the photonic-phononic memory a) An optical data
pulse is depleted by a strong counter-propagating write pulse, storing the data pulse as an acoustic
phonon. b) In the retrieval process a read pulse depletes the acoustic wave, converting the data pulse
back into the optical domain. c) A basic schematic of the experimental setup. The inset shows a
chalcogenide chip next to a 50-cent coin. The chip contains more than 100 spiral waveguides with
different lengths. Note: This is only a schematic and the actual setup is more advanced and can
be found in Supplementary Figure 1 (CW: continuous wave; SSB: single-sideband modulator; IM:
intensity modulator; PG: pulse generator; PG: bandpass filter; PD: photo-detector; LO: local oscillator;
Ω: Brillouin frequency shift.)

spiral waveguides are grouped in quintets with a footprint per group of 20× 0.7 mm. Longer
waveguides are available by repeating the same spirals on one chip during the fabrication,
leading to waveguides with up to 46 cm length. For details on the fabrication methods of the
chip we refer to reference[274].
Lensed fibre-tips are used to couple light in and out of the waveguides. The chalcogenide
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glass is sandwiched between the silica substrate and the silica over-cladding. This not only
provides guidance of the optical mode due to a contrast in the refractive index but provides
also an acoustic impedance mismatch between the soft chalcogenide glass (vsound=2500 m/s)
and the stiff silica (vsound=5996 m/s). Both the optical and the acoustic waves are guided in
the chalcogenide glass, which provides a large opto-acoustic overlap. Ultra-high Brillouin
gain of up to 50 dB amplification of a small continuous wave (CW) seed for a moderate CW
pump power of 300 mW was achieved.

Tunability of the storage time

The experimental realizations of an all-integrated multi-wavelength coherent photonic-
phononic buffer is shown in figures 7.12, 7.13 and 7.14. Figure 7.12 a) shows the depletion
of the optical data pulse with increasing counter-propagating write pulse power (storing
process). For this experiment the storage medium is a 46 cm long spiral waveguide. Due
to the ultra strong Brillouin gain in chalcogenide waveguides, the depletion reaches over
90% with 20-fold lower write pulse peak power than in highly nonlinear fibre approaches
[344] for similar pulse conditions. The peak power levels of the interacting optical pulses
presented in this article vary from 10 mW to 50 mW for the data pulses and 3 W to 10 W for
the write and read pulses depending on the overall gain of the individual waveguides.
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Fig. 7.12 Store and retrieval process with tunable storage time a) Storing process: The opti-
cal data pulse is depleted by the counter-propagating write pulse, transferring the carried information
to the acoustic phonon. Depletion of more than 90% can be achieved. b) Retrieved data pulses after
different storage times. The inset shows a zoomed-in version of the retrieved data pulses. c) Original
data pulse super-imposed with the retrieved data pulses after 3.5 ns and 5.5 ns respectively; the details
of the original shape can be distinguished in the retrieved data pulses.
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The storage and subsequent retrieval of the optical data pulses are demonstrated in figure
7.12 b). The storage time can be continuously adjusted by simply controlling the time dif-
ference between the read and the write pulses. A readout efficiency of 15% to 32% after
3.5 ns was achieved (see also Supplementary Figure 7.17). The inset of figure 7.12 b) shows
a zoomed-in version of four examples of retrieved data pulses after different storage times.
From the exponential decrease of the retrieval efficiency an acoustic decay time of 10.5 ns is
measured using an exponential fit and is confirmed by a pump-probe measurement of the
Brillouin gain linewidth (see supplementary figure 7.16).
In order to study the retrieval of the pulse shape, we superimpose the normalized original data
pulse with two normalized retrieved data pulses, displayed in figure 7.12 c). The shape of
the optical data pulse is maintained during the storage process indicating that the bandwidth
of the photonic-phononic memory is large enough to resolve even small features, such as
the peak at the beginning of the optical data pulse. The intrinsic Brillouin linewidth is
only in the range of tens of MHz, however due to the strong opto-acoustic coupling in the
photonic-phononic waveguides the Brillouin response can be broadened to several GHz [361].

Phase coherence and multiple amplitude storage

We showed in the previous section that we can store nanosecond pulses in a waveguide
with continuous tunable storage time while maintaining the pulse shape. In this section we
show that we can extend the operational bandwidth of our memory much further, allowing
the storage of sub-ns pulses with different amplitude levels. Furthermore we show that the
transfer process of photon to phonon back to photon is fully coherent, enabling the storage of
different phase states. These demonstrations show a significant increase in the capacity of
the memory.
The retrieval of the amplitude and phase information of two short optical pulses with 500 ps
pulse width after 3.5 ns is shown in figure 7.13 a) and c). For the storage of these short
pulses we used 24 cm long waveguides, hence a better signal-to-noise ratio (due to lower
overall propagation loss) is achieved in comparison to the measurements presented in figure
7.12. The pulse width corresponds to a bandwidth of more than 1.5 GHz, almost 2-orders
of magnitude wider than the intrinsic Brillouin linewidth. This implies a very high local
Brillouin gain in the pulse overlap region as the Brillouin gain is spread out over a wide
frequency range.
We encoded 6 different amplitude levels in pulse 1, while maintaining the amplitude level of a
second data pulse constant as a reference. A comparison of the original and retrieved pulse 1
(inset) shows that we can easily distinguish 6 different amplitude levels; this can be enhanced
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Fig. 7.13 Amplitude and phase encoded signals a) Six different amplitude levels of a 500 ps
optical pulse can be stored and retrieved after a storage time of 3.5 ns via direct detection. The
amplitude of pulse 2 remains constant for the original and retrieved data pulse. The read-out efficiency
of pulse 2 is lower due to practical limitations in the experiment (power limitation). b) Simulation
data of the amplitude response of the system. c) Two phase levels of two 500 ps optical pulses, either
0 and π or π and 0 are retrieved via homodyne detection after a storage time of 3.5 ns. The lower inset
shows the two phases in phase space. d) Simulated phase response of the system.

with a more sensitive detection system. The amplitude of the second retrieved data pulse
remains constant as does its original amplitude. We simulate our system using coupled-mode
equations [189, 362] and see great agreement with our measurements, presented in figure
7.13 b) (more details on the simulation methods can be found in the Supplementary Note 4).
Further to multiple amplitude levels, we can also store and retrieve different optical phases to
show the coherence of the state transfer between travelling acoustic and optical waves. To
distinguish the phase we replace the direct detection scheme (single photodiode) with an
interferometric homodyne detection scheme. Here, the phase encoded signal interferes with
a local oscillator and is detected by a balanced detector measuring the difference signal of
two equal photodiodes.

Two pulses are encoded with two different phases, either 0 and π (blue) or π and 0 (red),
respectively figure 7.13 c). After being stored for 3.5 ns, these same values can be read out
(light blue and orange) and are clearly distinguishable. For a better understanding, the states
in the phase space (I - Q diagram) are related to the optical pulses. For phase 0, the local
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oscillator and the data pulses interfere constructively, resulting in a positive value, for π they
interfere destructively which results in a negative pulse on the balanced detector. The phase
retrieval is possible due to the coherence of the Brillouin process and proves its potential as a
coherent buffer. Note, that this feature can be implemented for any phase in the entire phase
space and not only for 0 and π . Here, too, as for the amplitude measurements, we simulate
our system and see excellent agreement between the measurements and the simulations
(figure 7.13 d).

Multi-wavelength operation

Here, we demonstrate the multi-wavelength capabilities of our memory. On the one hand the
memory operation must work at several different wavelengths, while on the other hand the
cross-talk between wavelength channels should be minimal. Our Brillouin-based memory
works at all wavelengths where the waveguide is transparent, in contrast to resonator-based
approaches where one is bound to the particular resonance frequencies.
This transparency window reaches, in the case of chalcogenide, from the visible all the way
to the deep infrared. To demonstrate the wavelength multiplexing capacity, we adjusted the
operation laser wavelength to 3 different values in the tuning range of our laser. It can be seen
from figure 7.14 a) that the same efficiency is achieved for all wavelengths. The pulse shape
for the 1552.9 nm measurement is slightly distorted which can be assigned to the limitations
in our setup (power limitations and effects of the nonlinear loop (see Supplementary Note 1))
and is not of a fundamental nature.

Every pair of frequencies (data frequency and read/write frequency) excites an acoustic wave
at a specific frequency, which can be most easily seen in the equation for the Brillouin fre-
quency shift Ω = 2VAneff/λ (Ω Brillouin frequency shift, VA longitudinal acoustic velocity,
neff effective refractive index and λ laser wavelength). The respective Brillouin shifts Ω are
indicated in figure 7.14 a).
The second important point concerns the cross-talk between different wavelength channels:
Here, the unique phase matching conditions between travelling acoustic and optical waves
inhibits mixing of different frequency channels (as illustrated in figure 7.14 b), e) and h)).
The storage and read-out process is strictly bound to specific phase matching conditions,
such that the process is operational at different wavelengths at the same time.
To prove the point that there is no cross-talk between different channels we couple two data
pulses, separated by only 100 GHz, simultaneously into the waveguide and measure the
waveguide output using a dual channel oscilloscope (figure 7.14 c) and d)). When adding
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Fig. 7.14 Multi wavelength operation a) Multi wavelength operation of the photonic-phononic
memory for three different laser wavelengths. The efficiency of the memory remains the same. b)
Phase matching condition for two data pulses and one write pulse phase-matched to data pulse 1
(corresponds to measurement c) and d)). The second data pulse is not phase-matched and therefore
not affected by the write pulse. c) Storage and retrieval of data pulse channel 1 while a second data
pulse (d) in a separate channel (100 GHz away from channel 1) is unaffected. e) Phase matching
condition for two separate read pulses with a data pulse and a phonon (corresponds to measurement f)
and g)). One can see that the second read pulse cannot readout the phonon. f) Shows the writing and
retrieving of a data pulse in channel 1 while at the same time no readout pulse can be seen in channel
2 (g). h) Phase matching condition for two channels operating at two different wavelengths. i) Storage
and retrieval of data in channel 1 while simultaneously storing and retrieving data in channel 2 (j).
Note: The difference in the noise floor between channel 1 and channel 2 is caused by the different
noise properties of the two different photodiodes.

write and read pulses phase-matched to the data pulses in channel 1 only the data pulse in
this channel gets stored and retrieved (figure 7.14 c)) while there is no effect observable in
channel 2 (figure 7.14 d)). This result shows that one can operate the memory on individual
data streams, separated by a standard 100 GHz guard-band, without adding any detrimental
distortions on the other channel.
We furthermore experimentally show that a non-phase-matched read pulse cannot retrieve
information stored in a different frequency channel (figure 7.14 f) and g)). To demonstrate
this, we store and retrieve an optical data pulse in channel 1 (figure 7.14 f), while simultane-
ously a second read pulse, separated by 100 GHz from the read pulse in channel 1, does not
readout the stored data pulse, see figure 7.14 g). This is a major difference to light storage
schemes based on opto-mechanical resonator scheme where light interacts with standing
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acoustic waves or couples to transverse acoustic modes, as in these cases there is no or only
a minimum momentum transfer. Therefore many different optical modes get modulated
by the presence of the acoustic mode, hence these schemes are well-suited for wavelength
conversion [357].
Finally, we show that there is no cross-talk between the two wavelength channels separated
by 100 GHz even when optical data pulses are stored and retrieved simultaneously in the
two channels (figure 7.14 i) and j)). For comparison figure 7.14 j) shows also the stored and
retrieved data pulse with the second channel turned off (orange dashed line).

Discussion

In this article we have demonstrated a coherent photonic memory based on optically actuated
travelling acoustic phonons in a planar waveguide. Our memory relies on a state transfer from
photons to slowly propagating phonons and can therefore be seen as a completely different
approach compared to schemes which rely on a reduced group velocity of light pulses such as
coupled optical resonators [363–365], photonic crystal cavities [366, 204, 203] or slow-light
schemes [181, 204, 180, 367]. By transferring the optical pulse to an acoustic wave, our
optical buffer allows to circumvent detrimental optical dispersion effects [338, 368] and
allows for relatively long delay times of many pulse widths. The delay time can potentially
be increased even further using a cascaded process [369] or by further engineering the
dissipation rate of the travelling acoustic phonon.
The photonic-phononic memory is fully controlled by the spatial-temporal overlap of the
data, write and read optical pulses in a simple planar photonic circuit. Therefore the buffer is
not an additional element of the circuit, but the photonic waveguide/link itself can be used
as the buffering element bringing additional functionality to optical interconnects for next
generation microelectronic networks [370–373].
Storing and retrieving the full coherent information carried by the light signal enables the
processing of multiple amplitude and phase levels, which is essential for contemporary
communications schemes and greatly increases the number of bits that can be stored. The
ultrahigh Brillouin gain in chalcogenide glass allows for the encoding of signals down to
500 ps pulse width. Even shorter pulses can be realized by further reducing waveguide losses
and increasing the opto-acoustic coupling by tailoring acoustic properties.
A very important feature of the demonstrated buffer is the operation at separate optical
wavelengths without cross-talk. In particular the frequency preserving property due to the
stringent phase-matching condition between travelling acoustic and optical waves is essential
for multi-channel operation in order to store and retrieve information at different frequency
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channels unambiguously. In communication networks and computing architectures, this
versatility plus the continuous tunability of the storage time of up to several nanoseconds
enables precise and dynamic synchronization of optical data streams between several high-
speed parallel processes.

Methods

Experimental setup for light storage

A narrow-linewidth distributed feedback (DFB) laser at 1550 nm is divided into two arms -
data and write and read arm - where the data pulse is frequency up-shifted by the Brillouin
frequency shift Ω via a single-sideband modulator. The pulses are imprinted by two intensity
modulators connected to a short-pulse generator. The write and read pulses are amplified by
an erbium doped fibre amplifier (EDFA). The amplified write and read pulses pass through a
nonlinear fibre loop.
The loop has two effects: firstly, it allows only the pulses to be transmitted and efficiently
suppresses any noise or coherent background present from the laser or amplifier, respectively.
Secondly, it improves the pulse shape by smoothing the edges of the pulses. After the loop a
second EDFA amplifies the pulses again to reach the necessary peak power of several Watts.
Bandpass filters (bandwidth 0.5 nm) are used in both arms to minimize the white noise from
the EDFAs. Both paths lead to opposite sides of the photonic chip. The original and retrieved
data pulses are observed by a 12 GHz photodiode connected to the oscilloscope. Before the
photodiode a tunable narrowband filter is used to assure that only the data pulses reach the
photodetector.

Detection schemes

Two different detection schemes are used to detect the transmitted and retrieved data pulses:
direct detection with a single photodiode is used for the amplitude retrieval whereas a
homodyne detection scheme is used for the phase measurements. For the direct detection
scheme a 12 GHz photodiode connected to the oscilloscope is used. For the homodyne
detection scheme a local oscillator (continuous wave) at the wavelength of the data pulses
interferes at a 50 / 50 coupler with the original and retrieved data pulses. The beat signal is
sent to a polarization beam splitter both output signals of which are connected to a balanced
photodetector. The polarization of the local oscillator and the data pulses are controlled such
that the difference signal of both photodiodes of the balanced photodetector is maximized in
order to distinguish the two phases, shifted by π . In both detection schemes a tunable narrow-
band filter (≈ 4 GHz) is used to assure that only the data pulses reach the photodetector.
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Supplementary

Supplementary Note 1: Detailed experimental setup

The experimental setup is shown in figure 7.15. A continuous wave (CW) narrow-linewidth
distributed feedback (DFB) laser at 1550 nm is divided into a data and write-and-read arm by
a 50 / 50 fibre coupler. The data pulses are frequency up-shifted by the Brillouin frequency
shift Ω = 7.7 GHz via a single-sideband modulator. The CW laser signal is carved into
pulses by two intensity modulators connected to a short-pulse generator, allowing the gen-
eration of pulses with different amplitude levels and phase states. The pulses are amplified
using erbium-doped fibre amplifiers (EDFA) and subsequently filtered by narrow bandwidth
(0.5 nm) bandpass filters to reduce the effect of broadband white noise introduced by the
amplification step. Additionally to the passive bandpass filter a nonlinear fibre loop is imple-
mented in the write-and-read arm. The loop consists of 1 km standard single-mode fibre, a
polarization controller and a 50 / 50 coupler to introduce some asymmetry in the two paths.
This fibre loop is used for two reasons: firstly it allows only the pulses to be transmitted and
efficiently suppresses any noise or coherent background present from the laser or amplifier
respectively. Secondly, it improves the pulse shape by smoothing the edges of the pulses.
After the loop a second EDFA amplifies the pulses again to reach the necessary peak power
of several watts. Both paths lead to opposite sides of the photonic chip and are coupled to the
waveguide using lensed fibres.

For the multi-wavelength measurement a second laser, 100 GHz apart from the first laser,
is used and coupled into the data or write-and-read arm, respectively. The output from the
chip (circulator port 3 in figure 7.15) is split with a 50 / 50 fibre coupler and sent to two
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SSB: single sideband modulator; EDFA: erbium doped fibre amplifier; LN-EDFA: low-noise EDFA;
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photodetector
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narrowband filters to separate the two wavelength channels. Each filtered channel is then
detected using two 12 GHz photodiodes connected to a dual channel oscilloscope.

Supplementary Note 2: Acoustic decay time

We analyzed the storage time of the phonon memory and compared it with a standard pump
probe measurement of the Brillouin linewidth. Figure 7.16 a) shows different readout pulses
for different storage times up to 10.5 ns. For increasing storage times the readout efficiency
decreases due to the decaying amplitude of the acoustic wave. The area of the retrieved
pulses is integrated to determine the acoustic decay time (figure 7.16 b). The exponential
decrease of the pulse areas are plotted in figure 7.16 c) and an exponential fit exp(−2t/τA)

reveals an acoustic decay time of 10.2 ns.

We confirm the acoustic decay time by measuring the linewidth of the Brillouin gain response
(figure 7.16 c). A modified version of the setup in figure 7.15 is used to execute the CW
pump probe measurements. The intensity modulators were removed and the single-sideband
(SSB) modulator is frequency swept by the RF output of a vector network analyzer (VNA) to
generate a seed signal. The transmitted seed signal is detected by a photodiode connected to
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Fig. 7.16 Storage time and acoustic decay time a) Measurements of different storage times. b)
Four retrieved data pulses with shaded pulse area. c) Pulse area with exponential fit reveals acoustic
decay time of 10.2 ns. d) Brillouin linewidth measured with a CW pump-probe setup showing 30 MHz
linewidth. The inset shows the linewidth for different pump powers.
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the VNA and the Brillouin response for different pump powers is measured.
The Brillouin gain linewidth νB relates to the acoustic decay time τA as τA = 1/π∆νB. The
fit in figure 7.16 c) shows a linewidth of 30 MHz for 21 dBm pump power, which agrees
perfectly with the 10.2 ns decay time measured in the storage experiment. As expected the
linewidth of the gain peak decreases above the Brillouin threshold (inset figure 7.16 d).
The great agreement of the two measurement techniques not only confirms the consistency
of the light storage measurements, but also suggests itself for using the storage technique to
locally access material and structure specific acoustic decay times. Whereas CW based pump
probe schemes only provide an average of the acoustic decay time over the whole length of
the waveguide, the pulsed measurement determines the acoustic decay time at the point of
the waveguide where the pulses overlap. The overlap can be scanned along the waveguide
providing spatial information about the waveguide.

Supplementary Note 3: Maximum amplitude readout

The readout efficiency could be increased to 32% after 3.5 ns storage time as shown in figure
7.17. It is known from numerical studies that the amplitude of the retrieved pulses can be
enhanced by using chirped pulses [189]. The 32% readout depicted in figure 7.17 is achieved
by increasing the input power into the nonlinear loop (see setup figure 7.15), deliberately
chirping the pulses to achieve the highest amplitude read-out efficiency.
Achieving record readout amplitude efficiencies comes with distortions in the pulse shape.
However, there are applications, where the overall readout efficiency is more important than
the pulse shape, such as simple on-off keying schemes. In the same way one can increase
the maximum retrieval time of the buffer by increasing the efficiency and therefore lifting
the amplitude of the retrieved pulse above the noise floor. Higher input power increases the
nonlinear process known as self phase modulation, chirping the pulses [108]. The nonlinear
loop in the setup therefore not only reduces the noise, but also allows for a more efficient
readout amplitude through compression of the retrieved pulse. However the pulse shape is
not maintained in this case.

Besides using chirped pulses to improve the maximum retrieval amplitude, it was also
shown theoretically that small amounts of chirp help to more efficiently excite the acous-
tic wave [362]. This can be understood by drawing an analogy to the McCall and Hahn
area theorem for atomic two-level system [374]. Analogues to the π pulse in atomic res-
onances, a normalized pulse area of the write pulses can be defined and is given by [362]
Θ =

√
gBc/8AeffτBn×

∫
A(t)dt, with the Brillouin gain coefficient gB, the speed of light c,
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Fig. 7.17 Maximising the amplitude retrieval efficiency A 32% retrieval efficiency of the
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the effective mode area Aeff, the acoustic decay time τB, the refractive index n and the time
integral over the pulse envelope A(t).
The maximum efficiency for exciting the acoustic wave is achieved when Θ = (m+1/2)π
with m being an integer number. However the data pulse cannot be transferred to the acoustic
wave if the pulse area is an integer multiple of π . If the pulse area is a multiple of π the
first half of the pulse will write the acoustic wave, while the second half retrieves it again.
However, for a linear chirped pulse the beginning of the pulse has a different frequency as the
end of the pulse. Therefore, only a certain part of the pulse resonantly excites the acoustic
wave and importantly does not de-excite the acoustic wave.

Supplementary Note 4: Simulation method

To simulate the phase and amplitude response of our system we solved standard coupled
mode equations as presented in [189] using an implicit fourth order Runge-Kutta method
[278]. The slowly-varying envelope coupled mode equations for a forward travelling pump
wave AP, a counterpropagating Stokes wave AS and an acoustic wave Q can be written in the
following form [189]:

∂AP

∂ z
+

n
c

∂AP

∂ t
=− g0

2Aeff
QAS −

1
2

αAP (7.1)

− ∂AS

∂ z
+

n
c

∂AS

∂ t
=

g0

2Aeff
Q∗AP −

1
2

αAS (7.2)
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2τB
∂Q
∂ t

+Q = APA∗
S (7.3)

The slowly varying envelopes AP, AS are normalized such that |AP/S|2 is the power in watts,
Q is the amplitude of the acoustic wave, n is the refractive index, c the speed of light, g0 the
Brillouin gain coefficient, Aeff the effective mode area, τB the acoustic lifetime and α the
waveguide loss parameter.
The envelopes of the input data, write-and-read pulses are approximated to have Gaussian
form [362]:

AP/S = A0exp(−1+ iC
2

t2

τ2 ) (7.4)

with the parameter C giving the chirp rate in GHz / ns following the definition of [362] and τ

being the FWHM. The parameters used for the amplitude simulations (figure 7.12 b)) are as
follows: n = 2.4, g0 = 0.715 ·10−9m/W, Aeff = 1.5 ·10−15m2, τB = 10.5ns, α = 0.2dB/cm.
The FWHM of the data pulses is 500 ps and the peak power is varying in equidistant steps
from 15 mW to 40 mW. The FWHM of the data pulses was 1 ns, the peak power 3.5 W and
C = 0.88 GHz / ns. The temporal separation of the write and the read pulse was 3.5 ns. The
parameters used for the phase simulations (figure 7.12 d)) are the same as for the amplitude
simulations with 40 mW of data power and two different phases 0 and π .
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7.3 Outlook

In this section, further measurements and concepts of the photonic phononic memory are
presented. The presented results are based on the following postdeadline and conference
paper [375–378] and show further advanced signal processing schemes and capabilities of
the BBM.

A distributed optical memory - cascaded light storage

In this section, we introduce the idea of a distributed optical memory. It can be seen in
analogy to distributed computing schemes in standard micro-electronic computer chips that
rely on a decentralized memory. To the best of our knowledge, this is the first time such a
memory concept is proposed in an optical link. We show that optical information can be
stored at every spatial position in the circuit and multiple conversions from the optical to
the acoustic domain and back are possible. Importantly the multiple storage processes are
achieved solely by tailoring the external write and read pulses. In a complex photonic circuit,
it allows controlling the flow of optical information between different optical components
and elements, where it can undergo additional signal processing operations. This advanced
functionality is possible as the BBM does not rely on a localized memory unit, such as, e.g., a
structural resonance at a fixed position, but the storage is achieved in the photonic link itself.
We show that without any additional intervention the storing and retrieving process can be
cascaded in the waveguide and hence only one control laser, external or on-chip, can store
data pulses multiple times in a photonic circuit. Therefore not every "buffering step" requires
its own laser source (a great advantage given that on-chip lasers are still a challenging task).
The basic principle of the proof-of-principle experiment of a distributed optical memory
is shown in figure 7.18. A sequence of write and read pulses are counter-propagating the

a) b)

c)

Fig. 7.18 a) Basic scheme of a distributed photonic memory where information can be stored
at multiple positions in an integrated circuit. b) Basic scheme of two serial storage operations
in a photonic circuit.
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a) b) c) d)

Fig. 7.19 Experimental results of a multi-storage operation in a waveguide. a) Transmitted
data pulse with no counter-propagating write/ read pulses. b) Storage and retrieval operation
in the waveguide close to the front facet of the waveguide. c) A second write pulse depletes
the stored and retrieved optical data pulse for a second time. d) A second read pulse retrieves
the optical data pulse after it was stored for the second time.

optical data pulses, transferring the optical information to acoustic waves and back multiple
times in a photonic waveguide.
Figure 7.19 shows the experimental results of a double storage process. The data and the
write pulses are synchronized in a way that both spatially overlap at the beginning of the
waveguide. After the first storage and retrieval process, a third optical pulse is sent into
the waveguide. This third optical pulse acts as a second write pulse and depletes the - just
retrieved - optical data pulse again, writing now for a second time an acoustic wave. This
acoustic wave is read out by a fourth optical pulse, which functions as a second read pulse.
Hence, we experimentally demonstrate that optical information can be stored multiple times
in the BBM via multiple tailored optical write and read pulses, which proves the great
flexibility of the BBM concept.

Non-reciprocal light storage

It is known that SBS is a non-reciprocal effect [379, 95, 96]. Non-reciprocal effects are of
great importance from a technological point of view, as they enable the design of devices
that allow propagation in one direction but not the other. Hence it could enable non-magnetic
isolators that can be readily integrated into photonic circuits. Besides the technological
importance non-reciprocal behavior is also an intriguing concept from a fundamental physics
point of view; The idea that a light wave can propagate in one direction but not the other
should stun the imagination of every physicist. It was also recently shown theoretically that
non-reciprocity allows overcoming restrictions such as the time-bandwidth product, that
appeared so far to be of fundamental nature [380].
Here we show that the BBM allows for non-reciprocal light storage. The operation principle
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Fig. 7.20 a) Simultaneous storage of data pulses in wavelength channel one and two and
subsequent retrieval after 3.5 ns [376]. b) A reversed data pulse in channel one is transmitted
without being affected by write and read pulses in channel one. Furthermore, data pulses
simultaneously stored in wavelength channel two do not affect the non-reciprocal behavior
in channel one [376].

and experimental results are shown in figure 7.20 a) and b). Light pulses are simultaneously
stored and retrieved in two frequency channels (figure 7.20 a)). In figure 7.20 b) the propaga-
tion direction of one of the data pulses is reversed (channel 1). While the optical data pulses
in the second channel are still delayed in the BBM, the counter-propagating data pulses in
channel one are not affected by the BBM and are transmitted.
The non-reciprocal storage operation enables advanced signal processing operations, such as

the discrimination of forward and backward traveling data streams that have the same wave-
length and hence cannot be separated by a spectral filter. It also shows that back-reflections
of data pulses in a pulse train do no deteriorate the performance of the memory as they are
not stored.
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Fig. 7.21 a) Principle of storing short pulses on a chip as acoustic waves [377]. b) Storage
and retrieval of 200 ps pulses for up to 14 ns. The inset shows a zoom-in from 8 - 14 ns [377].

Picosecond pulses and large fractional delay

In this section measurements of the storage and retrieval of pulses as short as 200 ps are
shown (see figure 7.21). Retrieved data pulses can be detected for a storage time as large as
14 ns and hence the fractional delay achieved in the BBM is 70 pulse widths [377].
The FWHM of the retrieved pulses is shown in figure 7.22 a) and compared to the FWHM

of the input data pulses (red dotted line). We see that even for large fractional delays only
a slightly increased FWHM is observed. The reason for the increased width is still part of
further investigations. Furthermore, short pulses with different amplitude levels are stored
and retrieved (see figure 7.22 b) and the linear relationship between the input amplitude and
the retrieved pulse amplitude is shown in figure 7.22.
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Fig. 7.22 a) FWHM of the retrieved data pulses. The red dotted line indicates the FWHM
of the input pulses [377]. b) Storage and retrieval of 8 different amplitude levels [377]. c)
Linear dependence of the input amplitude and retrieved amplitude [377].
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Replenishing of the acoustic phonon

We have seen in the last chapter that the bandwidth of the BBM can be greatly extended,
enabling a very large fractional delay of over 70 pulse widths. This impressive result was
enabled by the ultra-high gain of chalcogenide waveguides that allowed to broaden the SBS
resonance to exceed several GHz, almost reaching a technically limited bandwidth of the
Brillouin frequency shift. If the bandwidth of the pulses exceeds this bandwidth the data and
write read pulses start to overlap spectrally. However, materials with much higher Brillouin
frequency shift might relax this constraint.
Besides the bandwidth, the overall fractional delay is limited by the lifetime of the acoustic
wave. A way to decrease the decay rate of the acoustic wave hence can lead to even further
improvements. Here we show that operating the BBM in the inverse frequency regime, will
lead to a situation where additional read pulses not deplete the acoustic wave but replenish it.
The basic principle and the experimental and theoretical results are shown in figure 7.23.

In the inverse frequency regime, the write and read pulses are up-shifted in frequency
relative to the data pulses by the Brillouin frequency shift. When the pulses interact in
the waveguide they still are creating an acoustic wave, however, the data pulse will not be
depleted but the write pulse (however due to the large power difference in the pulses the
relative power depletion of the write pulse is only minimal). Excitingly if the read pulse
interacts with the just written acoustic wave, it will recreate a data pulse from that acoustic
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Fig. 7.23 a) Two optical pulses resonantly writing the acoustic wave inside the waveguide.
b) The acoustic phonon interacts with an optical retrieve pulse. This not only creates a
copy of the initial data pulse but also reinforces the acoustic wave. c) Simulation results of
the strength of the acoustic wave. The acoustic wave is exponentially decaying; however,
the retrieval pulses replenish the acoustic wave to its original strength. d) Measurement
shows the original data pulse (black) and the delayed retrieved pulses (red). The inset shows
numerical simulations confirming our measurements.
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wave, but as the read pulse is located at the larger frequency, it will not deplete the acoustic
wave in this process but rather reinforces. The recreated data pulse is at the lower frequency;
hence when a read photon recreates a data photon, it loses energy which re-excites the
acoustic wave. This is shown in first proof-of-principle experiments (figure 7.23).

Concluding remarks

The great potential of storing light pulses in traveling acoustic waves on a chip was demon-
strated. Showing all the required ingredients to store telecommunication signals were shown,
hence storing the later on a chip would be the next logical step. Showing that the BBM can
be used to store an actual bit stream of data on a chip would be a great technological step
forward. Furthermore, it would allow to study bit error rates and quantify the influence of
noise added in the storing process. The signal-to-noise ratio is of great importance not only
for any practical application but also for potential further extension to the regime of few
photons. We see from the measurements presented in this chapter that the visibility of the
retrieved data pulses is reduced compared to the original data pulses. How much additional
noise is added to the pulses in the transfer photon-phonon-photon is yet to be determined.
Besides further engineering the technical implementations, a lot of fundamental science
questions need to be answered. What are, e.g., the limitations concerning fractional delay
for this memory technique? A better understanding of the dissipation of the acoustic wave
would help to increase storage times even further. Another exciting path for the BBM is to
explore different material platforms that can provide longer acoustic lifetime (e.g. As2Se3

has about three times the acoustic lifetime of As2S3 [260]) or materials with a much larger
Brillouin frequency shift (e.g., diamond has a Brillouin frequency shift of around 72 GHz
[381]). The larger Brillouin frequency shift allows to further broaden the data spectrum
without spectrally overlapping with the read and write pulses. Also engineering dissipation
and leakage of the phonon might enable longer storage times in the future [382–384].



Chapter 8

Summary and Outlook

This final chapter summarizes the results presented in this work but is also given an outlook
on future directions of SBS research. This outlook reflects a personal opinion and at this
point cannot be anything but speculative. As chapter 5 to 7 all included already an outlook
and proposed future directions for the individual projects, the outlook here is more concerned
with SBS research as a whole and future directions within the field.

Summary

In this thesis, SBS on a chip has been induced, manipulated and controlled in different ways.
In chapter 5 a method was established that can be used to either enhance or inhibit SBS on a
chip. This has been achieved by inscribing a Hill grating into a waveguide on a chip with
precisely controlled spectral features. The edges of these grating structures were shown to
enhance SBS in the waveguide. This demonstration follows a line of enhanced nonlinearities
using band-edge effects, however, marks the first application of the technique in the context
of SBS.
Furthermore, it allowed for the first time to generate a cascade of more than two Stokes
waves in backward SBS on a chip. A cascade of up to 15 spectral lines could be generated
using this enhancement method. It was shown that these frequency comb lines are all equally
spaced and the phases are locked. Hence it marks the first Brillouin based pulsed laser source
generated on a chip.
We also showed that the on-chip photonic bandgap structure can be utilized to suppress SBS
fundamentally. Here for the first time, the bandgap is used to suppress a stimulated scattering
process. We demonstrate that there is no Stokes wave building up in the waveguide when
tuned inside the bandgap. Whereas previous studies mainly focused on inhibiting sponta-



164 Summary and Outlook

neous emission, we show experimentally that the concept of inhibition extends to nonlinear
optical effects. This is an important finding as it provides a tool to suppress nonlinearities in
photonic circuits selectively.

Whereas in chapter 5 SBS was investigated in low-Q optical waveguide cavities with optical
feedback, in chapter 6 SBS in a microwave cavity was investigated. The nature of this cavity
was half electrical and half optical forming a feedback circuit for RF waves. It was shown
that SBS can be harnessed in this configuration to generate widely tunable RF signals that
have low phase-noise. Continuous tunability up to 40 GHz was shown, and the phase-noise
of the generated RF signal was studied.

In chapter 7 an on-chip Brillouin-based memory was introduced, which we termed BBM.
The memory is based on a coherent transfer of optical waves to acoustic waves. We showed
for the first time that this memory technique is able to store phase and amplitude information.
Furthermore, multi-frequency operation was investigated. We demonstrated experimentally
that due to the unique phase-matching condition between optical and traveling acoustic waves
there is no observable cross-talk between information stored in separate wavelength channel,
even when stored simultaneously. In the outlook of chapter 7 we alluded to further features
of the BBM technique. We demonstrated cascaded as well as non-reciprocal light storage.
We also showed that the bandwidth of the stored data greatly exceeds the intrinsic Brillouin
linewidth.

Outlook

Harnessing SBS in micro-structured or chip integrated waveguides is still a very young and
fast-growing research field. In particular, the ability to design photonic-phononic waveguides
made SBS one of the strongest and most tailorable nonlinear interactions. This opens up
many opportunities for future research endeavors - on the one hand, there are still many open
fundamental physics questions that want to be studied, on the other hand, there are already
many demonstrations of applications, which need further engineering to make them "real
world" solutions. Here an overview of these directions is given, starting from challenges in
applied SBS research, segueing to the more fundamental scientific questions.
A better understanding of the noise properties of on-chip SBS would provide critical knowl-
edge for the development of further applications and devices. Is there an advantage of having
ultra-high gain in a small length scale compared to long lengths of optical fiber? Over the
short length scales of the waveguides geometric and temperature gradients can be kept to a
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minimum, and hence chip-scale waveguides should be beneficial regarding noise. But there
is also the fundamental question of the noise contribution in general in this ultra-high gain
configuration, considering the much lower threshold power, large stimulated amplification
of more than 50 dB, the influence of spontaneous Brillouin noise in this configuration, and
other aspects.
An improved understanding of the on-chip Brillouin noise is not only crucial for further
optimization of the Brillouin OEO presented in this thesis, but essential to all chip-based
SBS applications. This better understanding will allow optimizing the performance of, e.g.,
SBS-based microwave filter, and phase shifter. At this stage optimizing the performance of
previously demonstrated SBS based applications, particularly in microwave photonics, will
be one of the big frontiers in applied on-chip SBS research.

On the SBS application side, it was shown in this thesis that on-chip SBS is not only able
to generate stable optical laser sources, but also stable microwave signals in planar circuits.
Hence it extends the on-chip SBS microwave photonics toolbox from signal processing, such
as filtering and phase-shifting, to microwave sources. The availability of a stable RF source
in a planar circuit opens many possibilities as now the source can be combined with other
on-chip functionalities in one circuit on a chip. Many microwave processing schemes, for
example, rely on local oscillators that can be provided by the SBS microwave source directly
on the chip.

The body of work presented around Brillouin based light storage shows the great potential of
this technique. Demonstrating functionalities and performance that greatly exceeds what has
initially thought this concept is capable of. We showed all the functionalities required to be
compatible with modern telecommunication schemes. Hence we now can imagine telecom-
munication system engineers to apply this technique in their system and further investigate
the performance regarding telecommunication benchmarks, such as, e.g., bit-error-rates.
The here presented experimental demonstration also opens new possibilities in the field of
integrated photonics, in particular for research on optical interconnects. Here new architec-
tures might arise, where optical waveguides between processors do not only functions as a
connection but also as a memory element.

Another exciting path of on-chip SBS research is the search for new material platforms. On
the one hand, there is a drive to develop existing platforms further to achieve maximum
performance. On the other hand, there is the search for new material platforms suitable
for SBS. Chalcogenide glass is today certainly the most mature platform for applications
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based on backward SBS. Most demonstrations are based on Arsenic trisulfide (As2S3) but
there are many other chalcogenide glass compositions that might be promising for future
integrated SBS circuits [385]. The acoustic lifetime in chalcogenide fiber made out of As2Se3

is about three times higher compared to the As2S3 waveguides studied in this thesis [260].
Furthermore, it is known that Te based glasses show only minimal photo-sensitivity and offer
the potential of low-loss waveguides [386]. Other chalcogenides incorporate Ge and SBS
was observed in microstructured fiber made out of such a glass [387]. The reported Brillouin
gain was below the gains achieved in As2S3. However, the higher softening temperature
in this chalcogenide composition might be beneficial in the fabrication process and lead to
better power handling of the waveguides, which might compensate for the slightly lower
Brillouin gain.
From a technological point of view Silicon is still one of the most interesting platforms
due to the CMOS industry. Many demonstrations of forward Brillouin scattering could be
shown in this platform; however, backward SBS is still elusive in silicon. Ways to implement
backward SBS in silicon by e.g. cleverly designed waveguides [105] or resonators [388–390]
would hence further propel the field. Other techniques explored ways to break the symmetry
between the sidebands in forward Brillouin scattering to achieve exponential gain in this
configuration [103].
Besides silicon, there are many other semiconductors, which are promising platforms for SBS.
It was shown that GaAs shows strong photo-elastic and piezo-electric effects [391, 354, 392]
and high frequency surface acoustic waves could have been recently demonstrated in ALN
[355]. If these platforms also show large Brillouin gains is worth to be investigated in the
future.
Diamond is another very promising material platform for SBS due to its unique optical and
mechanical properties [393–396]. For optomechanical applications, the low dissipation rate
allows for high mechanical Q-factors [394–396]. Combining these high mechanical Q-factors
with vacancy centers in the diamond matrix has great potential for quantum applications and
quantum networks [397, 398].
Recently, the first observation of SBS in a diamond Raman laser cavity was observed [381].
The observed Stokes shift is 72 GHz in this demonstration, and hence is much larger com-
pared to most materials studied for SBS. The larger BFS might be beneficial for many
applications as it makes it easier to prevent any overlap between the pump and the Stokes
wave or remove detrimental pump back-reflections. In the context of the BBM the large
frequency shift would not only have these aforementioned advantages in the experimental
implementation but would also allow to further broaden the bandwidth of the data pulses
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without risking any spectral overlap with the write and read pulses.

The work presented in this thesis provides a better understanding of SBS on-chip - on a
fundamental level as well as in the context of potential applications and signal processing
capabilities. It showed how the interaction can be tailored in waveguides, that goes beyond
the intrinsic electrostrictive and photo-elastic properties of the waveguide materials and
geometry by including the optical DOS in the description. Tailoring the DOS allows tailoring
and controlling the nonlinear interactions and is opening the door for many future applica-
tions. Furthermore, our demonstration of inhibiting selectively optical nonlinearities has
far-reaching opportunities for integrated nonlinear circuits. Also extending the concept to the
quantum regime offers many opportunities for quantum light sources and quantum circuits.

On the fundamental side we see a trend emerging over the last years that alludes to a con-
vergence of SBS research and optomechanics. Both research fields did not overlap much in
the past but the ability to implement and tailor SBS on a chip came with the realization that
there is an overlap between both field. Several theory papers dealt with that convergence
[102, 399]. It is predicted that most phenomena showed in cavity optomechanics can also be
implemented in a Brillouin configuration. The traveling acoustic wave nature might open
new opportunities and possibilities in the context of optomechanical systems. The stringent
phase-matching condition allows only certain waves to couple. The frequency is usually
much higher than in optomechanical systems, which leads to a lower occupation of the
phonon bath and hence the effect of thermal noise might be reduced. However, the effect of
thermal noise does not only depend on the thermal occupation of the phonon bath but also
depends on the Q-factor. The higher frequency comes with a much shorter lifetime, which
would be one challenge to address. Backward SBS systems can be, furthermore, driven with
a lot of power before any cascading effects happen.
The first experimental investigation showing the convergence of Brillouin scattering and
optomechanics were shown recently [400]. Brillouin scattering in a crystalline phononic
resonator at low temperatures has been demonstrated. At these low temperatures, the phonon
lifetime is much longer, and the coherence length of the phonon exceeds the length of the
crystals investigated. Hence, the Brillouin spectrum shows discrete lines, consistent with the
observation of Brillouin scattering in waveguides thinner than the coherence length of the
phonon [69].
Low temperature SBS offers many new opportunities to investigate fundamental properties
of SBS. The lower phonon occupation numbers at these temperatures will greatly reduce the
noise contribution. Experiments with low photon numbers might be possible and Brillouin
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experiments in the quantum regime might be at reach. Furthermore is the phonon lifetimes
much larger. Temperature-dependent studies might help to understand the phonon dissipation
further.

It was shown theoretically that it is possible to reach the so-called strong coupling regime in
a Brillouin configuration [401]. The strong coupling regime was investigated in optomechan-
ical cavity systems previously [54, 62]. These results drew a lot of attention as the strong
coupling regime allows a parametric conversion between different oscillating modes. Instead
of describing a system with different independent modes, in the strong coupling regime the
system is described using joint eigenmodes. The consequence is an anti-crossing in the
dispersion relation and the occurrence of Rabi oscillation. On a quantum level, this behavior
can be described as a coherent superposition of the two coupled modes.
Reaching this regime in a Brillouin configuration would allow many interesting applications.
In the context of the BBM presented in this thesis, it might enable parametric conversion
between the photon and phonons greatly boosting the efficiency of the memory but potentially
also allowing efficient storage at the single photon level.
The findings presented here do open new possibilities for system engineers but also spark
interest for further fundamental research. We showed that the BBM can be used to store and
retrieve the amplitude, phase, and frequency of an optical pulse. Hence it should be possible
to coherently store a quantum state of light using the BBM. Quantum memories are one of
the big challenges for quantum networks. Operating the BBM at cryogenic temperatures
might allow operating at a single photon level. Operating the BBM at these low temperature
would furthermore have the advantage of longer phonon lifetimes and hence would allow for
much longer storage times.

Understanding the cause for the phonon lifetime, the phononic loss mechanism and dissipa-
tion of the acoustic wave in waveguides is an interesting fundamental question. Being able to
control, tailor and potentially increase the lifetime would have far-reaching consequences for
many SBS based applications. The BBM can help to form a better understanding of the decay
mechanisms, giving direct access to the phonon lifetime. Using even shorter pulses could
give insights into the temporal behavior of the decay mechanisms. Furthermore, does it allow
to locally study the acoustic decay in waveguides, and gives insights into the waveguide
environment on the decay mechanisms. Common techniques used to determine the acoustic
lifetime are based on measuring the spectral width of the Brillouin gain linewidth using CW
pump-probe techniques. The acoustic lifetime is then inferred from the width of the measured
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peak. This technique, however, cannot provide detailed temporal and spatial information of
the decay processes.
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