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Abstract

Stimulated Brillouin scattering (SBS) involves nonlinear interaction of an opti-
cal wave with material, which under the phase-matching condition results in gen-
eration of an acoustic wave. In turns, part of the optical wave is scattered by the
acoustic wave through an inelastic scattering process. SBS enables unique applica-
tions in optical fibers and more recently in on-chip photonic waveguides, ranging
from RF-signal processing to lasing, frequency combs, RF sources, and light storage.
Harnessing on-chip SBS paves the way to photonic integration by enabling power-
ful functionalities in an integrated, scalable, energy-efficient and potentially CMOS-
compatible platform. In this thesis, we explore the possibility of enabling SBS in a
silicon-based platform by designing, fabricating and characterizing a hybrid silicon-
chalcogenide waveguide, which shows significant improvement in terms of non-
linear losses and SBS gain compared to a standard silicon waveguide. The SBS re-
sponse in photonic waveguides including the silicon-chalcogenide platform is sub-
ject to spectral broadening which influences the quality of the devices whose per-
formance are relying on the narrow linewidth of SBS. The spectral broadening is
mainly due to structural non-uniformities along the waveguides which affect the lo-
cal SBS response and consequently deteriorates the strength of the integrated SBS
response. Therefore, characterizing those waveguides is of great importance. To ad-
dress this issue, we employed the principle of distributed SBS sensing to monitor
on-chip waveguides. However, since the waveguides length is on the order of cm
and mm, the spatial resolution of the distributed technique needs to be very high,
preferably in the sub-mm regime, which is the main goal of this thesis.
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1 Introduction

"A journey of a thousand miles begins
with a single step."

Tao Te Ching by Laozi

Photonics is an established and ever-growing field which similar to its electronic
counter-part plays an undeniable role in cutting-edge research and technological
advancements. Photonics bridges the technological gap that is difficult to address
by electronics e.g. the bandwidth and power density in short interconnects [7], [8].
In linear optics, electromagnetic waves do not interact with each other or the medium
they are traveling through. As a result, linear optics provides an ideal solution for
transmission lines in telecommunication systems; i.e. silica optical fibers which are
insensitive to electromagnetic interference and cross-talk and therefore gives access
to a wide bandwidth capacity [9]. In addition, optical fibers exhibit very low loss
(typically 0.2 dB/km) at telecommunication wavelengths [9].

In nonlinear optics, when the polarizability not only has a linear but also a non-
linear component, electromagnetic waves interact with the medium and change its
properties. Via this nonlinear interaction, new electromagnetic waves with new fre-
quencies are generated [10]. Therefore, nonlinear optics has found applications in
the generation [11]-[16], processing [17]-[21] and storing [22]-[26] of optical signals,
which are some basic elements for realizing all-optical systems. Integrated photon-
ics is an attempt to combine these functionalities on a single platform to provide
scalability, low cost, energy efficiency and potentially integration with electronics.

Silicon, due to its compatibility with complementary metal-oxide-semiconductor
(CMOS) technology and its relatively low cost [27] is an excellent candidate for pho-
tonic integration. However, as a nonlinear optical signal processing platform, silicon
is disadvantaged by high nonlinear losses due to two-photon absorption (TPA) [28].
Different approaches to overcome this limitation include TPA-free alternative plat-
forms such as silicon nitride and high index silica (Hydex) [27] - although with lower
nonlinearity than silicon - or heterogeneous integration of silicon on insulator (SOI)
waveguides with a low nonlinear loss material such as a nonlinear polymers [29]-
[31].

In this thesis, we propose and design a novel hybrid waveguide by combin-
ing chalcogenide glass with silicon. This approach leads to a significant improve-
ment in nonlinear loss compared to a standard silicon waveguide. Furthermore, this
platform can be utilized to enable on-chip functionalities such as narrow-linewidth
lasers [32]-[34], all-optical signal processing [18], [35], frequency combs [36], [37],
photonic memories [22]-[24] and sensing [38]-[40]. As an example, an on-chip ring
resonator is demonstrated in the hybrid silicon-chalcogenide structure as will be de-
scribed in chapter 4 of this thesis. The underlying nonlinear effect that enables the
above-mentioned applications is stimulated Brillouin scattering (SBS).



2 Chapter 1. Introduction

SBS is an inelastic scattering resulting from the interaction of an optical wave
with an acoustic wave in a nonlinear medium. The result of this interaction is the
generation or amplification of a second optical wave, known as Stokes wave, whose
linewidth is dependent upon the acoustic lifetime in the medium. SBS functional-
ities mentioned earlier are highly dependent on its narrow linewidth response and
any non-uniformities in the waveguide deteriorates the SBS efficiency by broaden-
ing its linewidth [41]. For the waveguides used in this thesis, including the silicon-
chalcogenide waveguide, this Brillouin linewidth is very narrow and on the order of
30 MHz. Another critical consideration for inducing SBS in a waveguide is the simul-
taneous generation of optical and acoustic modes, which have to spatially overlap
with each other [42]. This becomes particularly challenging when dealing with SOI
waveguides. In a standard silicon waveguide, the acoustic velocity in the silicon
core is higher than that in the silica substrate resulting in the acoustic mode leak-
age into the silica substrate [43]. Therefore, in order to achieve an SBS interaction in
an SOI platform, complex design solutions have been proposed and demonstrated.
These approaches include under-etched silicon waveguides [44], silicon membranes
[45] and hybrid silicon-chalcogenide waveguide proposed and demonstrated by our
research group [6].

The narrow linewidth required in SBS applications and the complex design and
fabrication of on-chip SBS waveguides require a monitoring tool to ensure the fab-
rication consistency and consequently the narrow-linewidth response, which is the
main motivation of this thesis. Interestingly, SBS itself can be utilized to monitor
such variations in geometry as we will explain next.

SBS has long been known as a sensing mechanism in optical fibers, since any
change in temperature and strain influences the opto-acoustic properties of the ma-
terial and consequently the Brillouin frequency shift [46]. SBS is also sensitive to
geometrical changes in optical fibers or on-chip waveguides, because those changes
affect the effective refractive index, and can be used to monitor waveguides unifor-
mity [47]-[49]. For this purpose, SBS response needs to be localized within a certain
length in the medium, which takes us to the field of distributed Brillouin sensing.
Different approaches have been proposed for distributed Brillouin temperature and
strain sensing in optical fibers with spatial resolution ranging from 100 m [50] to 1 cm
[51]. SBS strength scales exponentially with the interaction length [10], therefore SBS
can easily be observed in long optical fibers. However, when it comes to on-chip
photonic waveguides, the very short length of these devices, which is often on the
order of cm- and mm-scale, requires spatial resolutions on the order of mm and even
sub-mm. This spatial resolution is even more challenging to achieve given the weak
SBS response over such short lengths.

This thesis aims to address two main questions regarding on-chip SBS function-
alities in a photonic integrated platform. First, to investigate a new platform which
is capable of photonic integration, has an improved nonlinear loss compared to sil-
icon nanowires and provides an active SBS gain medium. Second, to evaluate and
characterize the quality of local opto-acoustic interactions in this platform based on
a high spatial resolution SBS measurement technique, which offers a state-of-the-art
spatial resolution.

The second chapter provides a review of the literature of SBS from the historical
point of view when it first was observed in optical fiber to today’s state-of-the-art on-
chip SBS devices. Then we discuss distributed Brillouin measurement techniques,
which are conventionally used for distributed temperature and strain sensing. Next,
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we explain how the performance of these techniques evolved over time and their
functionality shifted from a distributed sensor in optical fibers to a characterization
tool in on-chip waveguides.

In chapter three, we provide the theory necessary to understand nonlinear ef-
fects, specifically third-order nonlinearities which are the dominant effects in optical
fibers, silicon and silicon-chalcogenide photonic waveguides. We show how the
Maxwell’s equations can be adapted to describe the propagation of optical waves in
anonlinear medium. The second part of this chapter discusses the physics of the SBS
interaction by solving the coupled wave equations for SBS. We then introduce two
main platforms for SBS which are used in this thesis. The third part of this chapter
explains the principle of distributed Brillouin measurement techniques, including
the one we used for demonstrating distributed on-chip sensing.

Chapter four describes the design of the silicon-chalcogenide hybrid platform
and the experimental setup for investigating its third-order nonlinear performance.
This experiment provides a measurement of self-phase modulation (SPM) and non-
linear loss of silicon and hybrid waveguides. We then provide a model for optical
wave propagation through the hybrid waveguide to numerically evaluate its per-
formance. The experimental data and the numerical simulation are compared to a
conventional silicon waveguide, which shows two orders of magnitude improve-
ment in terms of the nonlinear loss. The hybrid device is then further modified to
accommodate acoustic modes as well as the optical mode for harnessing SBS. It is
shown that by optimizing the design we can achieve significant SBS gain in the hy-
brid waveguide.

Chapter five demonstrates an experimental realization of distributed SBS mea-
surement based on Brillouin optical correlation domain analysis (BOCDA) technique
to characterize an on-chip photonic waveguide on a chalcogenide platform. We ex-
plain how this technique achieves sub-mm spatial resolution for the first time as a
result of high signal to noise ratio (SNR) and high SBS gain.

In chapter six, we use the proof-of-principle experiment introduced in previous
chapter to demonstrate a) a distributed Brillouin measurement of the hybrid silicon-
chalcogenide platform, and b) a record spatial resolution of 500 um capable of de-
tecting a 200 pm longitudinal feature in the waveguide.

Finally, we conclude the thesis by providing a summary and an outlook for fu-
ture works based on this study. These are including further improving the spatial
resolution and discovering new pathways for forward Brillouin distributed sensing,
which could be of great benefit for monitoring SBS waveguide in silicon platforms.






2 Stimulated Brillouin scattering
for sensing: overview and
state-of-the-art

In this chapter, we first provide a historical background on SBS in optical fibers in
section 2.1 and in micro-scale structures in section 2.2. We then explain how Brillouin
scattering is utilized for sensing in section 2.3. Different distributed Brillouin mea-
surement techniques with an emphasis on spatial resolution evolution are discussed
in section 2.4. In section 2.5, we discuss Brillouin-based sensing in micro-scale struc-
tures and short-length scale devices.

This chapter is mainly based on our published work in the Journal of Applied
Sciences [4], with some extensions and modifications in order to adapt to this thesis.

2.1 A historical background on SBS

SBS is a nonlinear interaction between optical and acoustic waves. This interaction
is facilitated through an optical force called electrostriction and its interaction process
called photoelasticity [52]. Electrostriction is the tendency of the material to compress
in the presence of intense optical fields. Photoelasticity is the change in electric per-
mittivity as a result of a change in material density [43], [52], [53].

The basic SBS process is shown in figure 2.1 and is described as follows; two
counter-propagating optical waves (pump and probe) with frequencies w, and w;
travel through the medium. The frequency difference between the two optical waves
creates a moving beat pattern with regions of low and high intensity, which in turns
modulates the density of the medium through electrostriction. The speed of the beat
pattern is equal to v = Q/Ak, where Ak is the difference between the pump and
probe waves propagation constants and 2 = w,, — w; is their frequency difference. If
the speed of the beat pattern equals the sound velocity in the medium (v = v,), then
the acoustic wave in the medium is resonantly excited and is amplified. Under this
condition, the frequency difference between the pump and probe waves is called
Brillouin frequency shift (BFS). The amplified acoustic wave in turns creates mov-
ing index grating using photoelastic effect [43], [53]. The pump wave will reflect
back from this moving grating with a Doppler shift in frequency due to the mov-
ing nature of the grating. This Doppler shifted pump matches the probe frequency
and therefore adds to the strength of the probe wave. The amplified probe (called
Stokes wave) further reinforces the acoustic wave and the acoustic wave amplifies
the Stokes wave, which forms a positive feedback loop [53]. Brillouin scattering can
be observed as backward or forward scattering involving longitudinal and trans-
verse acoustic waves, respectively. Transverse acoustic waves mean that their prop-
agation is mostly in the transverse direction to the propagation of the optical waves
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in the waveguide. It should be noted that the term SBS used in this thesis refers
to stimulated backward Brillouin scattering. Different terminologies are used in the
literature for forward scattering such as forward Brillouin scattering (FBS), guided
acoustic wave Brillouin scattering (GAWBS) or Raman-like scattering.

Probe

Pum
W ° Ws = W, —Q
— (NN —
-—

Back scattering
at wy Moving index grating (Q)

Stokes wave pump

-«

Brillouin frequency shift (BFS)
FIGURE 2.1: Schematic of the SBS process in a waveguide.

Brillouin scattering was first predicted by Leon Brillouin in 1922 [54] when he
described theoretically the scattering of light waves from thermally excited acoustic
waves which is accompanied by a frequency shift. At the same time (1926) Mandel-
stam studied Brillouin scattering in Russia [55]. However, it was not until the in-
vention of the laser by Maiman in 1960 [56] that stimulated Brillouin scattering could
be examined. The first experimental observation of SBS in crystals was reported by
Chiao et al. in 1964 [57] followed by SBS observation in liquid [57]-[59] and gases
[60]. A theoretical model for SBS based on the three coupled waves equations was
proposed by Tang et al. [61] describing accurately the amplification of the Stokes
wave during the SBS process.

The first observation of SBS in optical fiber was reported by Ippen et al. in 1972
[62]. In his paper, Ippen concluded that “SBS limits the amount of narrow-band power
which one can transmit through a fiber”. This indicates that SBS from early stage was
considered as a nuisance in optical communication systems since even moderate
continuous wave (CW) pump powers could result in light interacting with thermal
phonons and contributing to the backward SBS process by stimulating even more
phonons. At the same time, Smith studied the Brillouin threshold in optical fibers
for the backward scattering process to calculate the critical power below which stim-
ulated Brillouin effect may be neglected [63]. This critical power depends upon the
effective core area, the propagation loss of the fiber and the gain coefficient of the
SBS process in silica fiber. In a different study Boyd et al. [64] derived the theoretical
model for the case of the SBS generator that is when SBS is initiated from thermally
excited acoustic phonons and showed how the Stokes linewidth and intensity de-
pend upon the physical properties of SBS medium.

The low threshold power of SBS process was soon utilized to demonstrate the
first semiconductor laser pumped Brillouin fiber amplifier in 1987 by Olsson et al.
[65]. They demonstrated a broad bandwidth Brillouin fiber amplification by ap-
plying a frequency modulation (FM) to the pump laser. Shortly after that, Licht-
man et al. studied the effect of modulated pump on the SBS threshold and gain [66].
In 1992, Gaeta et al. studied theoretically and experimentally the threshold required
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to start a Brillouin oscillation in a cavity and demonstrated the Stokes linewidth nar-
rowing above the threshold for Brillouin oscillation [67].

From an early stage, SBS was used as a characterization tool for optical fibers.
This is due to the fact that opto-acoustic properties of the medium and consequently
BFS changes with temperature and strain. In 1989, Culverhouse et al. predicted
that Stokes frequency shift can be used as a means for distributed temperature sens-
ing [68]. In 1990, Kurashima et al. demonstrated, for the first time, a distributed
temperature measurement with spatial resolution of 100 m by monitoring BFS along
the optical fiber [50]. This work followed by Bao et al. [69] and Nikles et al. [70]
reporting improvements in spatial resolution. The development of distributed SBS
measurement techniques will be discussed in detail in section 2.4.

2.2 SBS in micro-scale waveguides

In recent years, thanks to advanced fabrication methods, more complex forms of
waveguides such as photonic crystal fibers (PCF), microfibers and on-chip waveg-
uides have been introduced, which offer enhanced nonlinearity due to their small
core dimensions and allow for group velocity dispersion tailoring [71]. If designed
properly, these waveguides can support and confine both optical and acoustic modes,
which due to their efficient overlap [44], [45], [52], [71]-[74] enable strong SBS effect.
The first demonstration of SBS in such waveguides was reported by Dainese et al.
[75] showing backward Brillouin scattering in a PCEF, followed by SBS observation in
microfibers [72] and on-chip waveguides [44], [45], [74]. SBS in micro-scale waveg-
uides enable applications ranging from sensing in micro-structures [76]-[79] to RF
signal processing [17], [18], RF sources [11], [12], narrow-linewidth lasers [6], [32],
[33], [80], [81], frequency combs [36], and light storage [23], [82]. Examples of Bril-
louin scattering in micro-scale waveguides are shown in figure 2.2.
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FIGURE 2.2: Examples of Brillouin scattering in a) PCF [75], b) silica
microfiber [72] and c) chalcogenide waveguide [74].
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The performance of optical waveguides in terms of gain and linewidth is in-
fluenced by the geometrical variation along the structure [42], [83], [84]. For ex-
ample, in microfibers, the effect of Brillouin scattering can be suppressed by con-
trolling the core diameter [52]. The diameter of the core also becomes important
when coupling in and out of photonic circuits [85]. It was shown that structural
irregularities in a PCF lead to a different Brillouin response compared a perfectly
structured PCF [86]. Therefore, a detection technique is required to monitor and
characterize opto-acoustic interactions in these structures. In this chapter, we will
review Brillouin-based sensing techniques for monitoring and characterizing such
structures. In chapter 4 we will explain the fabrication process and nonlinear perfor-
mance of an on-chip waveguide which is specifically designed for harnessing SBS.
In chapters 5 and 6, we demonstrate on-chip distributed sensing based on these
waveguides.

2.3 SBS for sensing

Two main properties of the Brillouin gain spectrum are its linewidth and the fre-
quency shift relative to the pump (BFS), which are employed for sensing purposes.
The linewidth of the Brillouin gain spectrum is determined by to phonon lifetime
or acoustic resonances and the BFS is determined by opto-acoustic properties of the
medium. Therefore, any change in the environmental parameters such as tempera-
ture and strain or geometrical variations in the waveguide will affect these proper-
ties and can be detected by monitoring them.
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strain and temperature sensing in optical fiber
or
mapping the short-length scale waveguides

FIGURE 2.3: Schematic of the localized SBS process in a waveguide.

A conventional SBS measurement involves CW pump and signal waves which
interfere along the entire length of the medium, and therefore, the measured back-
scattered signal is an integrated opto-acoustic response. In contrast, a distributed
SBS response can be achieved by modifying the intensity or the phase of the pump
and signal waves such that the SBS interaction is limited to a specific length in the
medium and is suppressed elsewhere as schematically shown in figure 2.3. The
most conventional distributed Brillouin measurement technique, which is called
Brillouin optical time domain analysis (BOTDA), is based on a pulsed pump and
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a CW probe [50], [69], [70], where the pulse duration determines the spatial resolu-
tion of the measurement [87]. The pulse duration in this technique is limited by the
phonon lifetime, which sets a limit on the spatial resolution. In the following we in-
troduce some of the distributed Brillouin measurement techniques, which are built
on the principle of BOTDA or are based on a totally different approach, to advance
the sensing capabilities such as spatial resolution and measurement range in optical
waveguides.

2.4 Distributed Brillouin sensing techniques

In this section we provide a brief overview of various Brillouin distributed sensing
techniques, all of which except the last one are based on backward Brillouin scatter-

mg.

2.4.1 Brillouin optical time domain analysis (BOTDA)

Brillouin optical time domain analysis (BOTDA) employs a pulsed pump and a CW
probe which limits the SBS interaction length to the pump pulse duration. The first
BOTDA demonstration in optical fiber was reported by Horiguchi et al. [88]. Com-
pared to the previously demonstrated Brillouin time domain reflectometry (BOTDR)
method [89], which was based on spontaneous Brillouin scattering, this approach
has showed improvement in signal to noise ratio (SNR) and sensitivity. The first dis-
tributed temperature measurement using BOTDA was reported by Kurashima et al. [50]
showing the temperature distribution along a silica single mode optical fiber with a
spatial resolution of 100 m (figure 2.4 (a)). This demonstration was followed by the
work of Bao et al. [69] reporting a distributed temperature measurement in an opti-
cal fiber with 5 m spatial resolution (figure 2.4 (b)). In 1996, Nikles et al. [70] showed
for the first time a distributed strain and temperature measurement using a single
laser source and an intensity modulator. The advantage of this approach is the high
stability and reliability of the measurement compared to the previous approaches
which either used two lasers for the pump and probe [90] or used one laser in the
expense of a complex setup [91].
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FIGURE 2.4: a) The first distributed temperature measurement using

BOTDA with 100 m spatial resolution [50], b) 5 m hot spot in an optical

fiber detected by BOTDA [69], the vertical axis in (b) is the intensity
of back-scattered signal.
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The spatial resolution of the BOTDA technique, however, is limited to 1 m. This
is due to the fact that for pump pulses shorter than the the phonon lifetime (approx-
imately 10 ns in silica fiber), the Brillouin spectrum experiences a broadening, which
makes the measurement inaccurate [87]. The impact of short pulse duration on SBS
gain spectrum in this technique is discussed in chapter 3.

2.4.2 Brillouin echo distributed sensing (BEDS)

BEDS offers a solution to overcome the spatial resolution limit in BOTDA [92]-[94].
This technique, which is also a time-domain technique is based on the initial work
of Bao et al. [95], [96]. In BEDS, a sudden change in the phase [39] (phase pulse) or
amplitude (bright or dark pulse) of the pump pulse [39], [97] is utilised to localise
Brillouin response beyond the phonon lifetime. Since the change in the pump pulse
is sudden and much faster than phonon lifetime, the acoustic field experiences only
a slight decay but still reflects the pump wave [39]. The bright pulse effect occurs
when the background amplitude of the pump stimulates the acoustic wave. An
additional increase in the pump appears as an additional amplification in the back-
scattered signal, which was reported in [69]. The dark pulse occurs when the pump
is normally on and it is switched off for a short time. This effect appears as a sudden
drop in the SBS gain [97]. The phase pulse is a 7 phase shift change applied on the
pump for a short time. During this time the pump and probe destructively interfere,
and therefore, no SBS gain can be observed [98]. These effects are schematically
shown in figure 2.5 [39].

iy —— oy - - pone [
m

D\
=71 A

probe probe probe

Bright pulse Dark pulse Phase pulse

FIGURE 2.5: Schematic presentation of BEDS in bright pulse, dark
pulse and phase pulse configurations. Figure is adapted from [39].

Spatial resolutions of 5cm and 2 cm were reported using phase pulse [98] and
dark pulse [97] techniques, respectively. Another similar technique is called pre-
pump Brillouin optical time domain analysis (PPP-BOTDA). This technique is based
on long pump pulses to excite the acoustic wave followed rapidly by a short pump
pulse that enables high spatial resolution, while the probe is in the form of a CW
signal counter propagating the pump [46], [99]-[101]. Spatial resolution of 2 cm was
demonstrated using this technique [100].

2.4.3 Brillouin optical frequency domain analysis (BOFDA)

In addition to time domain techniques, frequency domain was also utilized to lo-
calize the SBS response. BOFDA first introduced by Garus et al. [102]. In this
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technique, the pump and the amplified probe signals are transformed into the fre-
quency domain by applying an intensity modulation to either probe [102] or pump
[103] signal and then sweeping the modulation frequency to create the frequency
response of the system. By dividing the output signal (amplified probe) by the input
signal (pump) a transfer function of the system is obtained, which is basically the
SBS response [102], [103]. By taking the inverse Fourier transform of this response,
Brillouin response as a function of time (or position) is obtained.

Spatial resolution in this technique is given by: Az = ﬁm, where
Jm,maz and fu, min are maximum and minimum modulation frequencies, respec-
tively [102]. Detection of a 20 m hot spot with a theoretical spatial resolution of 10 m
was reported in [102] (figure 2.6 (a)) and an improved spatial resolution of 3 cm was
demonstrated by [103] (figure 2.6 (b)). This technique requires post-processing (in-
verse Fourier transform) to recover the Brillouin gain spectrum with respect to the
position and therefore, the measurement time is relatively long for cm-long spatial
resolutions [103].
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FIGURE 2.6: Distributed measurement based on BOFDA technique
with spatial resolution of a) 10 m (figure is adopted from [102]) and b)
3 cm (figure is adopted from [103]).

2.4.4 Brillouin dynamic gratings (BDG)

The moving index grating generated by an optical pump and probe in the SBS pro-
cess can play the role of a moving Bragg reflector for another optical wave under
the right phase-matching condition [104]. This function is called BDG, which has a
unique reflection spectrum sensitive to environmental variables such as temperature
and strain [104], therefore can be used for sensing purposes. BDG employs the re-
fractive index grating generated by SBS process in one polarization to Bragg reflect
the pump wave in the orthogonal polarization [105]. For this purpose, two optical
pump waves counter-propagate through the same polarization axis in a birefringent
waveguide. The frequency difference between the two pumps is equal to the BFS of
the medium, therefore a moving index grating (Brillouin dynamic grating) is created
in one polarization axis. The probe is launched into the waveguide in an orthogo-
nal polarization axis and is scattered back by the Brillouin dynamic grating formed
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in the other axis. In this process, the probe does not interact with the pump wave
through SBS directly but is affected by the dynamic grating created by the pump
through SBS [104]. Figure 2.7 shows the basic principle of BDG in a birefringent
material.

BDG
Pump?2 (x-pol.) A Pumpl (x-pol.) Probe (y-pol.)

S Namiiiiiium B 7 SNV
" AN

BDG BDG reflection (y-pol.)
Pump2 Pump 1 reflection Probe
I I I I , Optical
Vo— Vg Vo Vom Vet vy Vpt v, frequency

FIGURE 2.7: Schematic principle of BDG in a birefringent medium .
Here v and vp refer to BFS and BDG frequency, respectively (figure
is adapted from [104]).

BDGs have been demonstrated in different platforms such as single mode fibers
(SMF) [106] and polarisation maintaining fibers (PMF) [105] by carefully controlling
the polarization of the pump and probe waves, photonic chips [107] and few-mode
optical fibers (FMFs) [108]. The sensitivity of BDG spectrum has been utilized in
time-domain [109] and correlation-domain [109] distributed measurements and has
shown to improve the spatial resolution in BOTDA measurement [104], [110].

This technique can achieve sub-cm spatial resolution (5.5 mm) [110], however, it
requires more than one pump laser to realize SBS in two orthogonal polarisation.

2.4.5 Brillouin optical correlation domain analysis (BOCDA)

BOCDA was first introduced by Hotate et al. [111], [112] and offers the highest spa-
tial resolution among the Brillouin distributed sensing techniques. BOCDA is based
on the correlation between the counter-propagating pump and probe waves and
therefore unlike time domain technique is not limited by phonon lifetime. The pump
and probe waves are driven from a low coherence source so that their interference
in time is only partially correlated. The length of the correlation peak determines
the spatial resolution in this technique. Low-coherence sources involved in BOCDA
include frequency-modulated [112] or random-phase-modulated laser sources [51],
amplified spontaneous emission (ASE) sources [113], and random lasers [114]. As
illustrated in figure 2.8, all these techniques involve a source whose spectral band-
width is defined either by frequency and phase modulation or a random process.
The source is then split into counter propagating pump and probe signals, which
are frequency shifted relative to each other by the BFS. The pump and probe signals
have a constructive interference at the position of correlation peak, and destructive
interference at all the other points due to their randomness, as schematically illus-
trated in figure 2.8. Different BOCDA approaches are discussed in the following.
The first demonstration of BOCDA was based on frequency modulation (with
modulation amplitude or bandwidth of AF and modulation frequency f,,) of pump
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FIGURE 2.8: Schematic of various sources for BOCDA measurement
from the top to the bottom: a frequency-modulated laser source with
a modulation amplitude of AF' [115], random phase coded laser
source (adopted from [51]), amplified spontaneous emission (ASE)
source with spectral width of Af [1], [113] (adapted from [1], and a
random laser based on a distributed feedback laser diode in an ex-
ternal feedback cavity [116] with a spectral width of Af (adapted
from [116].).

and probe waves [112]. The reported spatial resolution was 40 cm as shown in fig-
ure 2.10 (a). The spatial resolution is determined by the modulation amplitude
AF. Wider modulation amplitude results in the higher spatial resolution. How-
ever, if the modulation amplitude is larger than BFS, it raises the problem of spectral
overlap between the residual pump back-reflection (due to Rayleigh scattering) and
the amplified probe, which cannot be separated using an optical filter. Therefore,
the detected signal always has a background noise from this pump back-reflection
and consequently a lower SNR. This issue was addressed by introducing two lock-
in amplifiers (LIA) in the detection stage to electronically distinguish between the
slow intensity-modulated back-reflected pump and the amplified probe [117]. In
this technique, both pump and probe go through an extra intensity modulation with
modulation frequencies of f; and f», respectively. As a result, when the two waves
are constructively interfere, that is when the probe is amplified by the pump pulses
due to Brillouin scattering, a difference frequency component (f2 — f1) is generated.
By locking the LIA into this difference frequency, it is guaranteed that only the am-
plified probe is detected. A distributed strain measurement with a spatial resolution
of 1.6 mm based on this technique was demonstrated by Song et al. [117]. Figure
2.9 (a)-(b) [38] shows a schematic of BOCDA measurement concept and the double
lock-in amplifier scheme incorporated in it.
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In this technique there is a trade-off between the measurement range and the spa-
tial resolution, because they are both inversely related to the modulation frequency
fm- Therefore by increasing the spatial resolution, the measurement range decreases.
This is due to the fact that frequency modulation of the pump and probe results in
the generation of periodic correlation peaks, which in turns limits the measurement
range. The technique introduced in the next paragraph addresses this issue to a great
extent.

BOCDA measurements based on random phase-coded pump and probe waves
introduced by Zadok et al. [51] significantly extended the measurement range while
achieving high spatial resolution. In this technique, the pump and the probe are
coded by a binary pseudo-random bit sequence (PRBS) with a symbol duration of
T, where the spatial resolution is inversely related to 7. The measurement range -
defined by the separation between two adjacent correlation peaks - is determined
by the length of the PRBS stream, which can be chosen to be considerably long to
increase the measurement range [51]. This technique achieved a high spatial reso-
lution of 1cm, as shown in figure 2.10 (b), with a theoretical measurement range of
1 km and experimental measurement range of 200 m.

The SNR in this measurement was relatively low due to the existence of off-peak
scattering, which scales with the measurement length. By introducing Golomb-
coded pump and probe and comparing it with the PRBS coding, Antman et al.
showed that a higher SNR and lower off-peak reflectivity can be achieved [118].
This technique was later combined with a time gating approach to demonstrate a
distributed measurement with a spatial resolution of 2 cm and a measurement range
of 400 m [119]. Combining BOCDA with the time gating technique has improved the
SNR and the measurement range by eliminating the noise attributed to the locations
outside the correlation peak [119]-[121].
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A novel adaptation of BOCDA, introduced by Cohen et al. [113] is based on the
ASE of an erbium-doped fiber. In this technique, a single correlation peak is gener-
ated whose spatial resolution relies on the bandwidth of the ASE source A f. Unlike
the frequency modulation technique, where high speed modulators are required,
this approach offers a simple and less expensive solution based on an ASE source to
obtain mm-order spatial resolution in optical fibers. Using this technique, a 4 mm
hot spot was detected in an optical fiber [113]. The SNR in this approach is affected
by the stochastic nature of the ASE source, which introduces an amplitude fluctua-
tion to the SBS response. A medium with stronger SBS interaction such as on-chip
photonic waveguides can improve the SNR. One of the main results of this thesis
presented in chapter 5 is demonstrating an ASE-based BOCDA measurement of on-
chip chalcogenide photonic waveguides, which leads to a higher SNR and a record
spatial resolution of 800 pm [1]. Figure 2.10 (c) shows the detection of the waveguide
facet with an 800um spatial resolution using this technique.
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FIGURE 2.10: BOCDA techniques based on a) frequency modula-
tion [112] (figure adopted from [112]), b) phase-coding (figure is
adopted from [51]), and c) ASE (figure is adopted from [1]).

The practical spatial resolution in this technique is limited due to two main rea-
sons. First, the probe amplification scales exponentially with the effective opto-
acoustic interaction length; therefore, reduction in the effective opto-acoustic length
as a result of increasing the spatial resolution leads to a lower SNR. Second, to
achieve sub-mm spatial resolutions the ASE bandwidth exceeds the BFS, which re-
sults in a spectral overlap between the amplified probe and the back-reflected pump
(Rayleigh scattering) and cannot be optically filtered. In the case of on-chip waveg-
uides, this back-reflection is much stronger compared to the optical fiber due to the
strong reflection from the waveguide facets, which sets a limit on the spatial resolu-
tion of on-chip sensing experiments [1]-[3].

In addition to the above techniques, a low-coherence chaotic laser has also been
employed to detect a 5-cm hot spot in an optical fiber based on BOCDA princi-
ple [114]. In this method, the coherence of the random laser source is controlled
by the feedback loop to the laser, which in turns determines the spatial resolution of
the measurement.

Table 4.1 provides a summary of BOCDA distributed sensing techniques on dif-
ferent platforms with an emphasis on mm- and sub-mm spatial resolutions. Notice-
able from this table is the change of platforms from optical fibers to on-chip waveg-
uides as we move from cm-scale to mm and sub-mm spatial resolutions.
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TABLE 2.1: Spatial resolution achievements in BOCDA techniques
with a focus on mm- and sub-mm-scale resolutions.
Spatial Resolution Technique Ref. Platform
40 cm M [111] optical fiber
10cm FM [122] optical fiber
5cm Random laser [114] optical fiber
3cm Random-phase code [123] microwire
lcm M [124] optical fiber
lcm Random-phase code [49], [51] optical fiber, microwire
6 mm M [47] silica planar waveguide
4 mm ASE [113] optical fiber
2 mm M [125] optical fiber
1.6 mm M [38] optical fiber
800 pm ASE [1] on-chip waveguide
500 pm ASE [3] on-chip waveguide
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FIGURE 2.11: Overview of the spatial resolution
evolution of time domain and correlation domain techniques.

Figure 2.11 compares the spatial resolution evolution of time domain techniques
versus correlation domain techniques. The solid blue line in the plot shows the over-
all trend of the spatial resolution in time domain techniques, which has improved
from 100 m to a few cm. The dashed red line indicates the progress in the spatial res-
olution of correlation domain techniques since their introduction in 1999. It becomes
clear from this plot that the highest spatial resolutions so far belong to this technique.
It should be noted that this plot does not include all the works published in the field
of distributed Brillouin sensing, but only gives an indication of the progress in time
domain and correlation domain Brillouin distributed sensing techniques in terms of
the spatial resolution capabilities.
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It can be seen in plot 2.11 that the introduction and evolution of BOCDA tech-
nique has increased the detection capabilities of Brillouin distributed sensing and
put more emphasis on applications such as mapping opto-acoustic responses along
waveguides [1], [47]. We discuss Brillouin sensing in micro-scale structures in sec-
tion 2.5.

2.4.6 Distributed forward Brillouin scattering

In techniques we discussed so far, which were based on distributed backward Bril-
louin scattering, the change in temperature and strain is detected by the effect they
impose on the opto-acoustic properties of the core material in optical fibers. Simi-
larly, for applications such as chemical sensing using backward scattering, the sub-
stance under test needs to overlap with the core. This requires structural modifica-
tion of standard fibers [127]-[130] or using special fibers such as PCFs [77]-[79] and
microfibers [131]. Utilizing forward Brillouin scattering, however, allows for chem-
ical detection using standard optical fiber without further modifications. This is
because acoustic waves in forward scattering resonate across the fiber cross-section
between the core and the cladding and can reach the surrounding material [132]. A
demonstration of chemical sensing outside the cladding was made by Antman et al.
[133] based on this technique.

A distributed measurement of Brillouin forward scattering, however, is very
challenging. This is because unlike backward Brillouin scattering, where acous-
tic waves propagates longitudinally in the medium, in forward Brillouin scattering
acoustic waves resonate transversally within the medium [132]. Therefore, a dis-
tributed measurement based on time-of-flight, which is the case in backward scat-
tering, cannot be made in this case [134]. Two recent demonstrations of distributed
forward Brillouin measurements in optical fibers which are reported in [134] and
[132] will be discussed here. In these techniques the transverse acoustic modes res-
onating between the core and the cladding boundaries are affected by the properties
of the surrounding media around the cladding and is detected by monitoring the
linewidth of acoustic resonances [134].

The first approach reported by Bashan et al. [134] is called "opto-mechanical time
domain reflectometry" and relies on the detection of Rayleigh back-scattering of the
two optical waves involved in the stimulated FBS process, as shown in figure 2.12. In
this technique, the optical pump and signal waves with a frequency difference equal
to the target acoustic resonance frequency are sent to the fiber to stimulate the acous-
tic wave generation. The time trace of the Rayleigh back-scattering is then collected
and the local information of the acoustic resonance is obtained from this time trace.
This technique relies on the fact that the power level of the optical waves involved
in stimulated FBS at each position is related to a nonlinear opto-mechanical coeffi-
cient, which can be used to extract the linewidth of the acoustic resonance. Using
this technique, a spatial resolution of 100 m over 3 km of optical fibers is reported.

The second approach reported by Chow et al. [132] is based on the detection of
backward SBS which contains information about local transverse acoustic modes. In
this technique, a long optical pulse modulated by the transverse acoustic frequency
is sent to the fiber to stimulate the transverse acoustic waves. It is followed by short
pulses at a different frequency such that the short pulse experiences phase modu-
lation as a result of transverse acoustic wave oscillations. By local recovery of the
phase change of the second pulse, the properties of the acoustic wave (linewidth)
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FIGURE 2.12: The principle of opto-mechanical time domain re-
flectometry based on Rayleigh back-scattering (figure is adapted
from [134]).

is determined. This concept is shown in figure 2.13. The local measurement of the
phase is performed using BOTDA technique. This means that the optical pulse con-
taining the phase information counter-propagates a CW probe with a frequency dif-
ference equal to the BFS. The collected back-scattered wave as a function of time can
be used to detect the intensity of a certain acoustic mode locally, which is selected
by tuning the pump and probe center frequency. The intensity information is then
used to retrieve the linewidth of the acoustic mode. Using this technique a spatial
resolution of 15 m over a 730 m measurement range was reported.

These experiments open up new opportunities for characterizing on-chip silicon
devices in the future, which has not been possible using backward Brillouin dis-
tributed measurement. This is mainly due to the fact that silicon exhibits strong for-
ward Brillouin scattering which has found applications in lasers [81], non-reciprocal
modulators [135] and RF photonic filters [135] and therefore, opto-acoustic charac-
terization of such devices is of great interest in this field. While the spatial resolution
demonstrated by these techniques are not sufficient for monitoring cm- and mm-
scale waveguides, there is room for spatial resolution improvement as suggested by
the authors.

So far, we mainly reviewed distributed Brillouin measurement techniques and
their applications in optical fibers. In the following section, we focus on Brillouin
sensing of micro-scale structures as a whole or locally based on the techniques we
introduced in this section.
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FIGURE 2.13: Concept of the local light phase-recovery based on SBS
(figure is adapted from [132]).

2.5 Brillouin sensing of micro-scale structures

Brillouin scattering has been employed to detect geometrical variations such as waveg-
uide diameter in micro-scale waveguides including PCFs, microfibers, and on-chip
waveguides. In this section, we explain how Brillouin scattering in micro-scale
waveguides is affected by their geometries. Then, we discuss detection of transverse
and longitudinal variations along the waveguide utilizing forward and backward
Brillouin scattering, respectively.

2.5.1 Integrated backward Brillouin measurement

The dependence of Brillouin backward scattering on the waveguide geometry in
micro-scale structures is evident in the work of Dainese et al. [75], where it is shown
that the spectrum of spontaneous Brillouin scattering in a small-core diameter PCF is
significantly different from that in a large-core diameter PCF, as shown in figure 2.14.
The large-core PCF shows a single peak at frequency 11.2 GHz, corresponding to
the dominant longitudinal acoustic mode in the bulk silica, while the small core
PCF shows a family of peaks due to the existence of hybrid shear and longitudinal
acoustic modes in the sub-wavelength core structure.

A form of acoustic wave observed in sub-wavelength waveguides is called sur-
face acoustic wave (SAW). Unlike the conventional silica fiber, where the acoustic
modes are in the form of pure longitudinal or shear modes, in the sub-wavelength
regime, the acoustic wave could take the form of a surface acoustic wave or a hybrid
acoustic wave (HAW), consisting of both longitudinal and shear components [42],
[75]. SAWs propagate in the direction of the pump, on the surface of the micro-
structure with a velocity lower than a pure longitudinal wave and scatter the light
wave. Figure 2.15 (a) shows SAW spectrum in a microfiber, which was first observed
by Beugnot et al. [72]. Tchahame et al. reported the first observation of SAWs in a
PCF and experimentally demonstrated that the SAW spectrum is highly dependent
on the structure of the PCE, as well as surface irregularities [73]. The two spectra
shown in figure2.15 (b) belong to PCFs with different core diameters. The shift in
the Brillouin peak between the two spectra is due to the core diameter difference,
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FIGURE 2.14: Comparison of the Brillouin spectrum in a large core

diameter photonic crystal fiber (PCF) and a small core diameter PCF
(figure is adopted from [75]).

while the difference between the amplitudes is linked to the micro-structure irregu-
larities [73].

Experimental Brillouin signal
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FIGURE 2.15: Spectrum of surface acoustic wave (SAW) in a) a mi-
crofiber (figure is adopted from [72]) and b) two PCFs with different
core diameters (figure is adopted from [73]).

The backward Brillouin spectrum was utilized to estimate the core diameter of
microfibers. Godet et al. [136] demonstrated an in situ measurement of microfiber
core diameter with a sensitivity of a few nm based on backward SAW and HAW mea-
surement. After collecting the Brillouin spectrum, it was compared with a numerically-
calculated map of the surface, longitudinal and shear acoustic waves at different core
diameters (refer to figure 2.16) to estimate the diameter of the core. Florez et al. [52]
demonstrated the so called Brillouin self-cancellation effect based on the dependence
of the backward Brillouin scattering on the microfiber core diameter. In this work,
it was shown that the opposite effects of moving boundaries and photo-elasticity
in sub-wavelength regimes could reduce Brillouin back-scattered signal and even



2.5. Brillouin sensing of micro-scale structures 21

1.2

1.1

1.0

0.9

0.8

0.7

Microwire diameter, um

0.6

0.5

0.4
5 6 7 8 9 10 11

Brillouin frequency shift, GHz

FIGURE 2.16: Mapping of the experimental surface Brillouin spec-

trum with the numerically-calculated responses to detect the core

diameter of the microfiber under fabrication (figure is adopted
from [136]).

cancel it at certain core diameters. This experiment suggests that the spectrum of
the backward Brillouin scattering could be less sensitive to the core diameter than
forward Brillouin scattering, which will be discussed in the next section.

2.5.2 Integrated forward Brillouin measurement

Forward Brillouin scattering has been exploited to measure the core diameter [137].
In addition, the effect of geometry on transverse opto-acoustic responses in micro-
scale waveguides has been studied in different platforms; Beugnot et al. [138] showed
that the existence of air hole areas in a PCF enhances some transverse acoustic modes
while suppressing the others by introducing additional boundary conditions over
which phonons are spatially distributed, a behaviour that is different from a con-
ventional dispersion-compensation fiber (DCF). Kang et al. in [71] showed that un-
like the conventional silica fiber, which has a weak forward Brillouin interaction,
a sub-wavelength PCF provides a strong interaction between the incident pump
light and the transverse acoustic modes by tightly trapping them together within
the small core of the PCF. The effect of boundary forces namely radiation pressure
on opto-acoustic responses of an on-chip silicon nano-structure has been experimen-
tally demonstrated by Van Laer et al. [44], where a pillar-shaped silicon waveguide
exhibited significant Brillouin gain by trapping the acoustic mode in the under-
etched silicon waveguide and its strong overlap with the transverse optical mode.
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In a different study, Kittlaus et al. [45] demonstrated an enhancement on the Bril-
louin amplification in an on-chip silicon waveguide by designing a suspended sil-
icon membrane, which guides optical and acoustic modes separately and ensures
strong opto-acoustic coupling between them.
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FIGURE 2.17: Finite element model (FEM)-based numerical simula-

tion of a) the elasto-optic coefficient of the PCF under test (figure is

adopted from [86]) and b) the elasto-optic coefficient of the perfect
PCF (figure is adopted from [86]).

The mentioned works so far show how to detect geometry-dependent opto-acoustic
responses and estimate the core diameter of the entire waveguide with high sen-
sitivity. However, in order to fully characterize the opto-acoustic interactions in
micro-scale waveguides, an axial opto-acoustic profile of the waveguide needs to
be constructed. This can be explained through the following example; In Ref. [86],
it is experimentally demonstrated that the spectral width of Brillouin gain profile
in a PCF is affected by structural imperfections. The existence of degenerate acous-
tic peaks in the elasto-optic coefficient plot shown in figure2.17 (a) is attributed to
the transverse structural irregularities such as defect holes, angles, and pitches. For
comparison, figure 2.17 (b) shows the calculated elasto-optic parameter for a perfect
PCF with no irregularities. It is also theoretically shown by Wolff et al. [41] that
the opto-acoustic strength and the spectral linewidth of the Brillouin response in
nano-scale Brillouin waveguides are sensitive to fabrication imperfections. How-
ever, such defects cannot be located by an integrated SBS measurement. In order to
detect longitudinal variations along the waveguide, a distributed SBS measurement
is required, which is discussed in the following section.
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FIGURE 2.18: Longitudinal map of a) a PCF using Brillouin echo dis-

tributed sensing (BEDS) techniques with a spatial resolution of 30 cm

(figure is adopted from [48]) and b) a microfiber based on phase-
coded BOCDA (figure is adopted from [49]).
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2.5.3 Distributed backward Brillouin measurement

Characterization of longitudinal opto-acoustic responses in micro-scale waveguides
requires a distributed measurement of backward Brillouin spectrum with high spa-
tial resolution. Several studies have utilised distributed Brillouin sensing techniques
to characterize micro-scale waveguides, which will be discussed in this section.

The longitudinal map of opto-acoustic responses along a piece of PCF based on
BOTDA was reported by Beugnot et al. [139], where the BFS and the full-width half-
maximum (FWHM) of the Brillouin spectrum along the PCF was resolved with a
spatial resolution of 2m. Figure2.18 (a) shows the mapping of the Brillouin re-
sponses based on BEDS reported by Stiller et al. [48], where the effect of the strain
and the waveguide irregularities on the local backward SBS responses of the PCF
with spatial resolution of 30 cm was studied. Chow et al. [49] mapped the uniformity
of a microfiber by capturing the distributed backward SBS responses using phase-
coded BOCDA measurement. Figure2.18 (b) shows the local Brillouin spectrum
along the 13 cm-long microwire with spatial resolution of 9 mm. Later, Chow et al.
demonstrated a local excitation and capturing of the surface acoustic waves along a
microwire [123]. Their setup allows for local excitation and monitoring of the core
diameter by analysing surface opto-acoustic responses along the waveguide based
on the phase-coded BOCDA technique with a spatial resolution of 5.2 cm. Distinct
acoustic resonances along the tapered fiber based on this technique are shown in
tigure 2.19.
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FIGURE 2.19: Brillouin spectrum of the tapered fiber using phase-
coded BOCDA measurement at different frequency ranges (a)—(f) (fig-
ure is adopted from [123]).

The high spatial resolution offered by BOCDA also enables monitoring of opto-
acoustic responses along the cm- and mm-scale on-chip waveguides. Hotate et al.
studied the effect of bends on the backward SBS responses in a silica planar waveg-
uide using BOCDA [47]. In this experiment, a frequency-modulated BOCDA mea-
surement with a spatial resolution of 5.9 mm was demonstrated. In figure2.20 (a),
the oscillations in the BFS along the waveguide determine the positions of the bends
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in the waveguide. Following the introduction of the ASE-based BOCDA measure-
ment by [113], which offers simplicity and high spatial resolution, a series of local
SBS measurements were conducted on AsyS3 photonic waveguides which demon-
strated waveguide monitoring capability of this technique with sub-mm spatial res-
olution (500 pm) [3]. Chapter 5 and 6 will explain in detail the technique and design,
fabrication and experimental steps toward achieving such a high spatial resolution.
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FIGURE 2.20: Mapping of a) a silica planar waveguide with a spatial
resolution of 5.9mm using frequency-modulated BOCDA (figure is
adopted from [47]).
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3 Nonlinear optics

This chapter explains the origin of nonlinearity in optical materials and gives expla-
nations for two nonlinear effects that are discussed in this thesis namely self-phase
modulation (SPM) and SBS. We start with a mathematical description for optical
nonlinearity and derive nonlinear wave equation starting from Maxwell equations.
Here we distinguish between linear and nonlinear refractive index and loss. Then
we solve the nonlinear wave equations to find the evolution of the optical pulse in a
nonlinear medium.

The second part of this chapter discusses the origin of Brillouin scattering and
its two main manifestations; backward and forward scattering. Then we explain
the concept of stimulated Brillouin scattering by providing mathematical description
for optical and acoustic waves coupling. We find an expression for SBS gain by
solving the coupled wave equations for SBS. Finally, SBS in chalcogenide and hybrid
waveguide is briefly discussed and SBS interaction in sub-wavelength regimes is
explained through an example.

The third part of this chapter deals with distributed SBS response and explains
the principle of two main distributed SBS measurement methods namely time- and
correlation-domain techniques with a focus on the correlation-domain approach.

3.1 Introduction

Photonics is the science of generating, controlling and detecting photons. Similar to
its electronic counterpart, which deals with controlling and manipulating electrons,
photonics deals with manipulating photons. However, in contrast to electrons which
can interact with each other, photons do not interact with other photons in a linear
regime, but interact with other particles such as electrons and phonons [10], [28],
[63]. On a microscopic scale (in dielectric materials) the electric field of an optical
signal induces an electric dipole moment by displacing the electron orbital from its
nucleus as illustrated in figure 3.1 (a). The electric field is represented by E(r,t) !
with r being the position vector and ¢ is the time. On a macroscopic scale, the average
dipole moment per unit volume forms a polarization field P(r, ¢) as shown in figure
3.1 (b). The induced polarization resonates with the frequency of the incident electric
field and radiates an electromagnetic field which interferes with the original electric
field. The relation between the induced polarization and the incident electric field in
an isotropic material is described by the optical susceptibility in the following form
[10]:

P(r,t) = eo[xVE(r, t) + X DB (r,t) + xPE3 (r, t) + ...], (3.1)

1Throughou’t this chapter, bold characters are representing vector variables.
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where ¢ is the permittivity of free space, x(!) is the linear susceptibility and x(? and
x®) are the second-order and third-order nonlinear optical susceptibilities, respec-
tively. In its linear form, this interaction is the origin of the complex linear refractive

index n, which can be described by Lorentz X(l) and Drude X(l) models [28]:

Lorentz Drude
2 _ 1) (1)
n” =1 + XLorentz + XDrude’ (32)

The Lorentz model describes the contribution of the bound electrons in semicon-
ductors to the refractive index. The oscillation of a bound electron between a bound
state and a virtual level with resonance frequency of the bound electron being wy
and a damping constant of 7, result in a change in susceptibility according to the
following equation [28]:

2
(1) _ Nqg*/egme 33
XLorentz w% — w2 i'yLw’ ( . )

where NV is the number of dipoles, g is the elementary charge and m, is the effective
mass.

The Drude model describes the contribution of free-carriers to the refractive in-
dex, where photons being absorbed by free electrons followed by a nonradiative
recombination process result in the change in the susceptibility as follows [28]:

1 Ng*/egme

XDrude = —w? + Z',wa’ (34)

where vp is the Drude damping constant. Free-carrier absorption results in the
refractive index change referred to as free-carrier index (FCI) change and the loss
mechanism called free-carrier absorption (FCA) [28], [140]. We will explain FCA in
section 3.2.2 of this chapter.

electronic cloud
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FIGURE 3.1: Induced polarization vector as a result of an incident
electric field in dielectric materials: a) microscopic view and b) macro-
scopic view. In this figure, arrows indicate vector variables.

So far, we looked at the first order susceptibility. What if the induced polarization
does not change linearly with the applied electric field? In this case - which happens
in the presence of high intensity electric fields - the polarization is expanded in terms
of the electric field as described by equation 3.1. In equation 3.1, the electric field
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relates to the polarization through nonlinear susceptibility terms resulting in the
generation of new frequencies, which is the domain of nonlinear optics.

In this chapter we study two types of optical nonlinearities: first, self induced
nonlinearities namely self-phase modulation (SPM) and two-photon absorption (TPA),
which stem from the real and imaginary parts of the nonlinear refractive index, re-
spectively. The other nonlinearity studied here is the nonlinear interaction of pho-
tons with acoustic phonons known as stimulated Brillouin scattering. Before look-
ing at these nonlinear phenomena, it is necessary to understand the propagation
of electric fields through the waveguide, which will be explained using Maxwell’s
equations.

3.1.1 Maxwell’s equations

The interaction of an optical field with a medium is formulated by Maxwell’s equa-
tions. The optical field is composed of an electric field E(r,t) and a magnetic field
H(r, t). The propagation of electric and magnetic fields relate to each other through
the following equations [10]:

OB

VxE=-7", (3.5)
oD

V-D=p, (3.7)

V-B=0, (3:8)

where J(r,t) is the current density vector and p is the charge density and D(r,t)
and B(r, t) are the electric and magnetic flux densities, respectively. The electric and
magnetic flux densities are described by the following relations:

D = ¢E + P, (3.9)

B = oH + M, (3.10)

in which ¢y = 8.854 x 10712 [F/m] is the vacuum permittivity and o = 47 x 1077
[H/m] is the vacuum permeability. P(r,¢) and M(r, t) are the induced electric and
magnetic polarization, respectively. In dielectric materials - which are mainly the
type that we study in this thesis - there is no free charge, therefore p(r,t) = 0. It is
also assumed that J(r,t) = 0 and M(r, ) = 0. By taking the curl of equation 3.5 and
replacing V x B by uo%—? from equations 3.6 and 3.10, we obtain:

2

VXxVxXxE= D, (3.11)

—Ho 92
substituting D(r, t) from equation 3.9 into equation 3.11, we obtain the general wave
equation as follows:

1 O°E O°P
o Mo
where c is the speed of light in vacuum and pep = C% The left hand side of equation
3.12 can be written as:

VxVXE=— (3.12)

VxVxE=V(V-E)- V% (3.13)
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The term V - E disappears from the right hand side of equation 3.13 since ¢V - E =
V -D = p = 0[10]. Equation 3.13 therefore can be written as:
1 0%E o°P
2
E- -~ = pg—— 3.14
\Y 2 o2 Ho o2’ ( )

where the polarization consists of linear (P1,) and nonlinear (Pny) parts and therefore
can be presented in the following from:
1 0’E 9°P O°P
2 L NL
E— - - — n—2% Z - NL
VE- Gor ~Hge T g

In the next section, we look at the optical pulse propagation through the medium
using equation 3.15. We study linear and nonlinear behaviour of optical field while
propagating in the medium in sections 3.1.2 and 3.2, respectively.

(3.15)

3.1.2 Linear refractive index

As it is shown in equation 3.15, the polarization term consists of linear and nonlinear
parts, which are related to the incident electric field according to equation 3.1. In
order to find the effect of linear polarization on the optical pulse propagation, we
consider an input optical pulse in the following form [10]:

1

S, t)elmwot) 1 ¢, (3.16)

where E(r,t) is a slowly varying function of time relative to the optical period and
Z indicates the polarization vector.
Similarly, the linear polarization can be expressed in the following format [10]:

E(r,t) =

1 A
Py(rt) = S [PL(r, t)el=wot) 1 ¢z, (3.17)

while Py, relates to the electric field through the following relation:

P(r,t) = eox VE(r, 1). (3.18)

To express the relation between linear refractive index and susceptibility, we first
consider only the contribution of linear polarization in equation 3.15 by making the
assumption that the nonlinear polarization is a small perturbation to the linear po-
larization [10]. Then, substituting equation 3.18 into the linear form of equation 3.12
results in the following expression:

1 0%E
c2 0t2’
Taking the Fourier transform of equation 3.19 results in the following expression:

V x V x E(r,t) = [1 + xP(w)] (3.19)

V x V x E(r,w) = [1+ X<1>(w)]°c’221z(r,w), (3.20)

where E(r,w) is the Fourier transform of E(r, ¢) and is defined as:

E(r,w) = / E(r, t)e™Vdt, (3.21)

—00
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The term 1 + x(!(w) in equation 3.20 is the frequency dependent dielectric constant
€(w), which is a complex number and its real and imaginary parts are related to the
real and imaginary parts of the refractive index through the following equation [10]:

e(w) = [nfw) + 122, (3.22)
2k

where the imaginary part of refractive index is expressed based on the absorption

coefficient «(w) and the wave number of the incident optical filed kg = <. From

equation 3.22, the linear refractive index and absorption coefficient relate to the sus-

ceptibility as follows [10]:

n(w) =1+ %Re(xu)(w)), (3.23)
alw) = %Im(x(l)(w)). (3.24)

So far, we have studied the relation between the linear susceptibility and the lin-
ear refractive index, however, in order to find the the relation between the nonlinear
susceptibility and the nonlinear refractive index, nonlinear polarization term needs
to be considered in solving equation 3.15, which will be discussed in the following
section.

3.2 Nonlinear refractive index (Kerr nonlinearity)

In equation 3.1, the linear susceptibility is the strongest term which represent the lin-
ear light-matter interactions such as linear absorption and dispersion. Higher order
susceptibility terms - depending on their orders - require higher optical power in
order to be effective, which sets a threshold on the required power to start a non-
linear effect. Therefore, second-order nonlinear effects such as second harmonic
generation and electro-optic effects and third-order nonlinearities such as self-phase
modulation (SPM), cross-phase modulation (XPM) and four-wave mixing (FWM)
are among the strongest nonlinear effects. However, it should be noted that not
all materials exhibit second-order nonlinearities. In fact, centrosymmetric materials
lack x(? nonlinearity and they only show odd-order nonlinear effects. Therefore,
in such materials, examples of which include silica, silicon and chalcogenide, the
strongest nonlinear term is x(®), which is what we are going to discuss in this sec-
tion. In the following, we will explain how third-order nonlinearity leads to the so
called nonlinear refractive index (Kerr nonlinearity), which is the origin of self-induced
effects namely SPM as well as a nonlinear absorption process known as two-photon
absorption (TPA).

In order to study the effect of third-order nonlinearity in the optical wave equa-
tion, one needs to include the effect of nonlinear polarization in equation 3.15. Before
going through the equations, we need to make some assumptions: first, as men-
tioned before Py, is treated as a perturbation to P;. Second, it is assumed that the
polarization is maintained in the waveguide under study and therefore the scalar
approach is valid and third, the spectral width of the pulse (Aw) satisfies the condi-
tion 2% < 1, where wj is the pulse center frequency on the order of 10'> s~!, which

makes the last assumption valid for optical pulses as short as 0.1 ps. The electric field
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again can be written in the form of a slowly varying variable as shown in equation
3.16. Similarly, the nonlinear polarization can be expressed in the form of equation
3.25 with Py (r, t) being the slowly varying variable:
1 ,
Pyi(r,t) = S[Pa(r, t)el=wot) 1 ¢z, (3.25)

The relation between the third-order polarization and the electric field according to
equation 3.1 can be written as:

PnL (rv t) = 60X(3)E3 (I', t)7 (326)

replacing E(r, t) from equation 3.16 and Py (r, t) from equation 3.25, we obtain:

Paut (1, ) ~0t) — eox(3)[iE(r, pelieot) | ZE(r, Pl (3.27)

The first term in this equation is referred to as the third harmonic generation, which
is very weak and can be neglected. The second term is the dominant nonlinear effect
and results in the following expression [10]:

3
PNL(r7 t) ~ ZGOX(g) |E(1‘, t) ’2 E(I‘, t)a (328)

in which the term 3eox®) | E(r, t) |? is referred to as the nonlinear dielectric constant
ent. By substituting equations 3.16, 3.17 and 3.25 in equation 3.15, the Fourier trans-
form of equation 3.15 is found to be:

V2E + €(W)k3E(r,w — wp) = 0, (3.29)

This equation is in the form of the Helmholtz equation, where €(w) is the dielectric
constant in frequency domain consisting of linear (¢;) and nonlinear (eny,) parts as
follows:

3
ew) =14 xV+ xO|BE(r,1))?. (3.30)
—_—— 4
Linear /
Nonlinear

The relation between nonlinear refractive index no and nonlinear absorption coeffi-
cient oy (also called TPA coefficient) with third-order susceptibility can be expressed
as [10]:

na(w) = 8% Re(x®), (3.31)
ag(w) = i%z Im(x®) (3.32)

The complex refractive index can be expressed based the linear and nonlinear
refractive index and absorption as follows [10], [28]:

np =n+ng |B? —i(a+az |EP), (3.33)

where ny and ay are the intensity-dependant refractive index and absorption, re-
spectively. We explain the role of n, in nonlinear phase shift or SPM in section 3.2.1.
Then we describe the effect of az on the nonlinear loss process in section 3.2.2.
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3.2.1 Nonlinear Schrodinger equation (NLSE)

As described in equation 3.29, the nonlinear wave equation takes the form of the
Helmholtz equation, therefore it can be solved using the technique of separation of
variables [10]. A solution to equation 3.29 is in the form of [10]:

E(r,w - wO) = F(Q’J, y)A(Z’ W = WO)eikOZ7 (334)

Assuming that the electric field is polarized along the x axis and is propagating in the
z direction, A(z,w — wp) represents the slowly varying envelope of the pulse and kg
is the wave number at frequency wy. F(x,y) represents the transverse optical mode
distribution inside the waveguide, known as the eigenvalue equation in ref. [10].
The eigenvalue equation and the pulse propagation equation are the solutions of
equations 3.29 and therefore can be expressed in the form of the following equations:

*F  O*F

QZkoaaA + (k* - k§)A=0. (3.36)

In equation 3.36, the second derivative %27‘3 is neglected since A(z,w) is a slowly
varying function of z. This approximation is known as the slowly varying amplitude
approximation and it means that the change in the amplitude occurs over many op-
tical cycles. By approximating the dielectric constant to the first order perturbation,

we get:

e = (n+ An)? = n? + 2nAn, (3.37)

where An = ny |E|? + 2%. Now solving equation 3.35 for n? and An, leads to a
modal distribution F'(z,y) and its relevant wave number:

k(w) = k(w) + Ak(w), (3.38)

where Ak(w) is obtained by including the effect of An in equation 3.35, resulting in
the following expression [10]:

n(w) J Jo0 An(w) |F(z,y)|* drdy

Ak(w) = 3.39
(W) = cgk(w) [ IF (2, y )? dedy (339
Substituting equation 3.38 into equation 3.36 we get:
A
8677 =i[k(w) + Ak(w) — ko) A. (3.40)

In equation 3.40, we expand k(w) in a Taylor series around wy considering only the
first and second-order terms that is: k(w) = ko + (w — wo)k1 + 5 (w — wo)?ko. Here,
k1 and ko are related to the group velocity v, and group velocity dispersion (GVD),
respectively. By approximating Ak(w) =~ Akg(w), we get:

0A

5 = i[(w—wo)k1 + %(w — wo)?ka 4+ Ako(w)] A (3.41)
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taking the inverse Fourier transform of function A(z,w — wp) in equation 3.41 and
replacing w — wg with i%, we receive the following equation for A(z,t):

0A 0A 0?A

— i AkoA. .

0z +k18 +2k28 =1 ko (342)
This equation can be further simplified by replacing Ak with equation 3.39 which
includes the effect of linear absorption («) and Kerr nonlinearity (n2) through the
term An, and considering k(w) ~ n(w)% [10]:

0A 0A 0%A

o thigs ik + A iv(wo) |A]? A, (3.43)

Here, v(w) is the nonlinear parameter deﬁned as [10], [141]:

NaWo 109

+
cAefr  2Acff

Yw) =7'(w) +i7"(w) = (3.44)
where its real and imaginary parts indicate effective Kerr nonlinearity and effective
nonlinear loss of the waveguide, respectively. For media with negligible nonlinear
loss, v” = 0. In equation 3.44, A is the effective nonlinear area, which depends
upon the mode distribution and is defined as [10]:

At — ([ 25, 1F(z,y)|? dady)? . (3.45)

2 | F ()| dady
Then by making the transformation: 7" = ¢t — z /vy, and using k1 = 1/v,, where v, is
the group velocity, we are moving in the time frame of the pulse, therefore the term
Ky % in equation 3.43 vanishes and this equation is further simplified to [10]:

2
%+ A+zk28 A

. 2
- i = w0 |42 A, (3.46)

It should be noted that equations 3.43 to 3.45 are valid for isotropic media such
as optical fibers. However, care should be taken when dealing with non-isotropic
media in which the electric field is not entirely transversal and has components in
the direction of propagation. This condition will be discussed in chapter 5 when we
apply this equation to a non-isotropic medium.

In order to find a general description for the amplitude and the phase evolution
of the optical pulse in an isotropic dielectric waveguide, we consider for now that
the effect of second-order dispersion (group velocity dispersion) and linear loss in
equation 3.46 are negligible, therefore:

0A

0z
We also represent the complex amplitude A(z,t) by its amplitude u(z,t) and phase
o(z,t), A=u(zt)exp(ip(z,t)), and substitute it in equation 3.47 to obtain:

gl = (w0 = (i (@) ~ 7 (@) 3.48)

= iy(wp) |A|* A. (3.47)

Equating the real and imaginary parts of the left hand side to the right hand side
and using equation 3.44 give us two expressions for the evolution of the amplitude
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and the phase of the optical pulse as follows:

ou a4
00 _ naw, » (3.50)

0z cAegt

From equation 3.50, it can be seen that the nonlinear refractive index (n2) affects the
phase of the optical pulse, which itself has induced the nonlinear effect in the first
place. As mentioned earlier, this effect is called SPM and the nonlinear phase shift
caused by this effect can be expressed by:

naWwo

urAz = ﬂ(nQI)AZ, (3.51)

A =
¢NL c Aeff c

where intensity is I = u?/Aqg. This equation shows that the nonlinear phase shift is
proportional to the nonlinear refractive index and changes with the intensity. The
time-dependent nature of the optical intensity implies that A¢yy is a temporally
varying phase shift, which in turns leads to the change in instantaneous frequency
across the pulse:

PN L
Aw(t) = TR
This time-dependant instantaneous frequency generates new frequencies across the
pulse which is called frequency chirping and leads to spectral broadening or nar-
rowing of the optical pulse depending on the initial chirp of the pulse.

Now back to equation 3.46, which resembles the nonlinear Schrodinger equation
(NLSE), where k; represent group velocity dispersion, « is the linear absorption and
7 is the nonlinear parameter. Pulse propagation in a nonlinear medium is therefore
dependent upon these parameters. The propagation distance (L), pulse length (7p)
and pulse peak power (F) determine which parameter has the dominant effect on
the pulse propagation. The effect of these factors can be studied using the following
length scales:

(3.52)

1 —exp(—az
L = L0 (6.59)
T2
Lp=-Y%, 3.54
D= Tk (3.54)
1
InL = S (3.55)

The effective length L.g provides a length scale which includes the effect of linear
loss. Dispersion length L and nonlinear length Ly, indicate the length over which
dispersion and nonlinearity become significant. Based on theses definitions, we can
define four different pulse propagation regimes:

* Lesf < Ly and Leg < Lp: neither dispersive nor nonlinear effects influence
the pulse propagation significantly.

® Lef < Ly and Leg ~ Lp: GVD is the dominant effect in pulse propagation.
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® Leif ~ Lnr and Leg < Lp: nonlinearity is the dominant effect in pulse propa-
gation.

® Lef ~ Ly and Legs ~ Lp: GVD and nonlinear effects both influence the pulse
propagation.

3.2.2 Nonlinear loss

The intensity-dependant loss known as TPA, which results from the third-order non-
linearity is depicted in figure 3.2. As it is seen in this figure, TPA occurs when two
photons are absorbed simultaneously and excite an atom to a higher energy state.
While TPA does not occur in silica fiber since its band gap energy is larger than the
energy of two photons at wavelength 1550 nm (2hvg = 1.6eV), it becomes a strong
nonlinear absorption mechanism in silicon with band gap energy of £, = 1.12eV.
Since in this thesis we study waveguides which are based on silicon, our derivations
in this section are based on specific values and coefficients for silicon.

ho,

[ \—

FIGURE 3.2: Schematic of TPA process in silicon. Figure is adapted
from ref. [28].

This third-order nonlinear loss mechanism is described by equation 3.49 earlier
in this chapter. If we rewrite this equation in terms of intensity we get:

I
or _ —al?, (3.56)
0z

As it is seen in equation 3.56, TPA scales quadratically with the input optical inten-
sity, which sets a limit on the maximum input power to the waveguide before the
nonlinear absorption becomes too strong. In addition, the absorption of two photons
leads to the generation of a free electron in the conduction band. The TPA-induced
free electrons result in the process of FCA and therefore add to the total loss of the
system. The total optical loss as a result of TPA, FCA and linear absorption can be
described by the following equation [142]:

or _ —agl® — apcal® — al, (3.57)
0z

where apca for center frequency of 1550 nm is expressed by [142]:
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In equation 3.58, ¢ = 1.45 x 1072! is the free-carrier coefficient and 7. ~ 1ns is the
free-carrier lifetime [143].

Since we will study Kerr nonlinearity in a silicon and silicon-chalcogenide waveg-
uide later in this thesis, we need to develop a model that accounts for TPA and FCA
in the optical pulse propagating equation (NLSE). In this section, we look at the ef-
fect of TPA and FCA on optical pulse propagation through the NLSE. The effect of
nonlinear loss or TPA is included in the imaginary part of the nonlinear parameter
(7”) as explained in section 3.2.1. The effect of FCA can be incorporated in the NLSE
by solving the rate equations for the TPA-induced free-carrier density (/V.) as follows
[141], [144]:

arca = o (3.58)

6NC a2 2 NC

= I*— — 3.59
ot ( 2hV0 ) Te ’ ( )
where huy is the energy of one photon. In this equation, the first term and the second
term on the right hand side refer to the generation rate and recombination rate of
free-carriers, respectively [145]. As a result, the NLSE described by equation 3.46

takes the form of the following equation for a silicon-based platform [141], [144]:

oA 9%*A
E + Z/BQW
where k. is the FCD coefficient.

For a more comprehensive study of the amplitude and the phase evolution of
an optical pulse in a medium with nonlinear loss, we now represent A(z,T) by its
amplitude and phase, but this time we introduce a normalized amplitude relative
to the linear loss and optical power (P) such that: A = v/Pexp(=5%)u where the
amplitude and the phase of u are |u| = 1 and Zu = ¢, respectively. Therefore, we

have:

127k,
A

+ %A = (i =) AP A - ()2 + )N.A,  (3.60)

A= \/Fexp(_To‘Z +id). (3.61)

By substituting 3.61 in equation 3.60 and solving it for the amplitude and phase, one
can obtain information about nonlinear loss and nonlinear phase shift acquired by
the pulse as a result of propagating through the medium.

For the purpose of this study, our waveguides meet the condition Le¢ < Lp,
since the pulse length is long enough (10 ps) and the group velocity dispersion pa-
rameter for silicon is large (ko = 1 ps?/m) [141], therefore the effect of GVD can be
ignored in equation 3.60. In addition, in the case of short pulses, the effect of free-
carriers absorption is assumed to be negligible since they do not have enough time
to recombine over the pulse duration [141]. However, the effect of TPA is still con-
sidered in the following equations. As a result, the solution of equation 3.60 is in the
form of the following:

_ By(T)exp(-az)
1+ Po(T)Lesty””

P(z,T) (3.62)

$(2,T) = %ln[l + 7" Po(T) Legs, (3.63)
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where, Py(T') is the temporal power shape of the input pulse and the effect of non-
linear loss as a result of TPA is included through the term +”. The interplay between
SPM and TPA determines the nonlinear phase shift in silicon-based platforms, there-
fore the nonlinear figure of merit (FOM) of the device can be defined based on these
two effects as follows [28]:

Inyg 1+

FOM = - — = — — .64
© Aay 4wy’ (364)
Equation 3.62 to 4.14 will be used in chapter 5 to describe the pulse evolution and

the FOM of a silicon and a silicon-chalcogenide waveguide.

3.3 Brillouin scattering

Fluctuations in the optical properties of a material result in the scattering of light.
The most common forms of light scattering are Rayleigh, Raman and Brillouin scat-
tering. Rayleigh scattering is the scattering of light from non-propagating density
fluctuations, therefore does not lead to any frequency shift [53]. Raman and Bril-
louin scattering are inelastic scattering, that is in theses processes energy transfers
between photons and the medium, resulting in a frequency shift. Raman scattering
originates from optical phonons with frequency shift of ~ 13 THz and Brillouin scat-
tering originates from acoustic phonons with frequency shift of ~ 11 GHz in optical
fibers [53].

Brillouin scattering can originate from thermal phonons, which then result in
spontaneous scattering of light or could be induced by an optical field, which leads
to stimulated scattering. A type of stimulated scattering caused by induced mate-
rial density variations, is called stimulated Brillouin scattering (SBS). The density
variation or in other words, acoustic disturbance, can be due to electrostriction, ab-
sorption or radiation pressure. The electrostrictive SBS results from the tendency of
materials to become compressed in the presence of an intense optical field, while the
absorptive SBS is due to the heat induced by optical absorption in a lossy medium,
which expands the material in the areas of high temperature [53]. Radiation pres-
sure is applied by an optical field on the boundaries of the waveguide, which comes
into effect when dealing with sub-wavelength waveguides [52]. In this chapter, we
describe SBS based on electrostriction, which is valid for isotropic media whose di-
mensions are much larger than the optical wavelength. But before that, we have a
closer look at the spontaneous Brillouin scattering process.

In spontaneous Brillouin scattering, a beam of light is injected into a medium
and is scattered by thermally generated acoustic phonons, without modifying the
optical properties of the material. The moving acoustic wave generated from the
thermal phonons adds a frequency shift to the scattered optical wave due to the
Doppler effect. Brillouin scattering, therefore, can result in frequency downshifted
(Stokes) or frequency upshifted (anti-Stokes) scattered optical waves depending on
the propagation direction of the acoustic wave as illustrated in figure 3.3. In this
figure, the incident optical wave with frequency w, and wave vectors k,, is scattered
by the acoustic wave of frequency €2 and wave vector q, producing a scattered wave
(Stokes or anti-Stokes) with frequency w, and w,s and wave vector ks and k. for
Stokes and anti-Stokes, respectively.
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FIGURE 3.3: Phase-matching condition for Stokes and anti-Stokes
Brillouin scattering. In this figure, arrows indicate vector variables.

3.3.1 Backward scattering

The scattering of optical waves occurs under the energy and momentum conserva-
tion for the three waves involved in this process, therefore for the Stokes wave we
have:

Q= wp — ws, (3.65)

and
q=k, —k; (3.66)

The dispersion relation of the optical and acoustic waves can be described by the
following relations:

c c
Wp = |kp| ' ws = |ks| w Q = [q v, (3.67)

where c is the speed of light in vacuum, n is the refractive index of the material and
v, is the acoustic velocity in the medium. If 6 is the angle between the scattered and
the incident waves, then by substituting equation 3.67 into equation 3.66 and con-
sidering that the acoustic frequency (£2) is much smaller than the optical frequencies
(wp and w,) we can write:

.0
al = 2k | sin(3) (3.68)
and the acoustic frequency will be:
2
Q= z:“ sin(g) (3.69)

where ), is the wavelength of the incident optical wave. In optical waveguides, the
scattering angle is restricted to either 0° or 180°, therefore, the maximum scattering
is achieved in the backward direction with the Brillouin frequency shift (BFS) of:
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where n. is the effective refractive index of the waveguide. The BFS is dependent
on material properties [112] and is sensitive to strain and temperature [40], [146],
which provides the basis for distributed Brillouin sensing. The change in the BFS as
a result of temperature and strain variations is described by the following relations

The relation between the BFS and temperature and strain have been experimen-
tally demonstrated in different platforms such as standard silica fibres [147]-[149],
GeO,-doped fibre [146], dispersion-shifted fibre (DSF) [150], and PCF [151]. Dif-
ferent distributed Brillouin sensing applications relying on this property (BFS) are
discussed in chapter 2.

(3.70)

3.3.2 Forward scattering

As mentioned earlier in this chapter, Brillouin scattering originates from a moving
acoustic wave is described by equation 3.69, where 6 is the angle between the inci-
dent wave and the scattered wave. According to this equation the frequency shift
in forward direction (¢ = 0) in a waveguide is zero. However, such scattering can
still be observed with a non-zero frequency shift. It is due to different type of acous-
tic waves, namely transverse acoustic waves, which have a near zero longitudinal
wave vector component. The dispersion plot for forward and backward scattering
is shown in figure 3.5. The time-varying nature of transverse acoustic waves ap-
plies a phase modulation on the optical pump wave, which can be detected using
an interferometry-based technique. Figure 3.4 shows the first demonstration of such
detection reported by Shelby et al. [152].

Forward Brillouin scattering has applications in temperature sensing and fiber
diameter measurement, which are based on the BFS in the forward direction. As an
example, the BFS in the forward Brillouin process for a cylindrical medium such as
optical fibre and for a certain acoustic mode (m) is expressed by [153]:

Qepm = L’;”ym, 3.71)
T

where d is the fibre outer diameter, v; ,,, is the my, transverse mode acoustic ve-
locity, and y,,, the my, zero of the Bessel function describing the boundary conditions
for the free fibre surface [152]. This forward BFS as described in Equation (3.71) has
been utilized to determine the strain coefficient in silica fibre [154] and the tempera-
ture coefficient in highly nonlinear fibre [155] and PCF [156], sound velocity in silica
fibre [153], and the core diameter of tapered fibre [137].

The intrinsic linewidth of the Brillouin gain spectrum is determined by the phonon
lifetime and the structural irregularities of the waveguide. In the forward Brillouin
interaction, an extra component contributes to the linewidth of the Brillouin gain
spectrum of a given mode due to the transmission losses at the boundaries of the
core [133]. These losses are dependent on the acoustic impedance of the surround-
ing medium and vary from one material to the other. Therefore, the linewidth of
the Brillouin gain spectrum has been exploited for chemical sensing purposes in the
forward Brillouin scattering process [132]-[134].

With this basic understanding of Brillouin scattering and its importance in Bril-
louin sensing, we now study the stimulated Brillouin scattering process (SBS).
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FIGURE 3.4: An example of forward Brillouin scattering in stan-
dard single mode fiber detected by an interferometry-based tech-
nique [152].

3.3.3 Stimulated Brillouin scattering (SBS)

SBS takes place in a nonlinear medium in two different ways; In the first case, a
laser beam with frequency w), scatters from density variations initiated from thermal
phonons of frequency (2. The scattered wave, called Stokes wave, is downshifted in
frequency to ws = w, — ). The interference between the Stokes wave and the laser
beam has a component at the difference frequency (£2), which reinforces the acoustic
wave. The interference of the acoustic wave with the laser beam, on the other hand,
increases the amplitude of the Stokes wave. In this case, which is also known as SBS
generator, The Stokes wave and acoustic wave reinforce each other in a loop.

In another scenario, which is called SBS amplifier, SBS is initiated with the injec-
tion of a weak signal wave at the Stokes frequency in the opposite direction of the
pump laser to stimulate the density variation in the medium and consequently am-
plify the Stokes wave. In both scenarios, the positive feedback between the Stokes,
pump and acoustic waves under the momentum and energy conservation leads to
the amplification of the Stokes wave as shown schematically in figure 3.6. The under-
lying physical phenomena that enables these interactions is an optical force known
as electrostriction which works together with its interaction mechanism photoelas-
ticity. In this section we study electrostriction based on the derivations presented in
ref. [53].
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FIGURE 3.5: Optical and acoustic dispersion diagrams showing the

phase-matching and energy conservation conditions in: a) backward

Brillouin scattering, b) forward Brillouin scattering process. ( k, —

ks = q). k;, ks, wp, ws, q and Q have different values for the backward
and forward Brillouin scattering processes.

Electrostriction

Electrostriction is the tendency of materials to compress in the presence of an electric
tield [53]. The applied electric field (E) creates dipole moments equal to P = ¢yaE in
the material, where « is the molecular polarizability. The energy stored as a result of
this polarization is:

1
U= —560aE2, (3.72)

And the force associated with this change in energy is given by:

F=-VU = %eoaV(EQ). (3.73)

This force changes the density by Ap and therefore the dielectric constant of the
material is changed by:

Oe
dp
The potential energy in the material changes as a result of this change in the dielectric
constant as follows:

Ae = (=)Ap. (3.74)

1
Au = §€0E2VE. (3.75)

The first law of thermodynamic implies that the change in the potential energy must
be equal to the work performed to compress the material. This work can be ex-
pressed as an applied electrostrictive pressure (ps;) that is the pressure due to the
applied electric field per unit volume:
AV A
Aw = py <7 = —pa =2 (3.76)
p
Now by equating the two expressions for the change in potential energy (equation
3.75) and the work (equation 3.76) Au = Aw, the electrostrictive pressure can be
found to be:
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FIGURE 3.6: SBS process through electrostriction.

1 Oe

1
- E?) = —~¢o  E? 77
Pst = 2 6OP( ap ) 9 €0Yels, (3 )

where 7. = p( p) is known as electrostrictive constant. The change in the density
can be calculated based on the electrostrictive pressure as follows:

dp 10p
Ap = s st = —pCDst, 3.78
p =5, pst = =p(0 5 0Pt = —PCpst (3.78)
where C' = 1 g— is the compressibility. Substituting p,: from equation 3.77 to equation
3.78, we obtam .
Ap = §eopc»yeE2. (3.79)

Equation 3.79 shows how the material density changes as a result of the applied
electric field.

3.3.4 Coupled wave equations for SBS

Now that we have an understanding of how the optical and acoustic waves are cou-
pled through electrostriction, we are going to study the evolution of each wave by
solving the optical and acoustic wave equations in an isotropic medium simultane-
ously. The derivations in this section are based on ref. [53].
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The optical field in the medium is represented as E(z,t) = Ep(z,t) + Eq(z,1),
where E, and Ej; are the electric field for the pump and Stokes waves, respectively
and take the form of:

Ep(z,t) = Ay(z, t)elkrz=wnt) 4 ¢ e (3.80)

and

Ey(z,t) = Ag(z,t)elTRszmwst) e e (3.81)

In equations 3.80 and 3.81, A, and A, are the slowly varying envelop of the pump
and probe waves, respectively. In a similar way, the acoustic field takes the form of:

Pz, t) = po + [p(2, 1)’ @) 4 ce], (3.82)

where p(z,t) indicates the rapidly varying field with time whereas p(z,t) is the
slowly varying amplitude of the acoustic field and pg is the mean density of the
medium. The acoustic wave equation can be written in the following form:
2 ~ -

% - F’VQ% — i V3=V -f, (3.83)
In this equation, f is the force per unit volume which is given by: f = Vps and I is
the damping parameter. By substituting equations 3.80 and 3.81 into equation 3.77,
we can find an expression for pg;, then taking the divergence of the force per unit
volume that is V.Vpg; will result in:

V- -Vpg =V - f=eryeq? [ApA:ei(qz_Qt) + c.c] (3.84)

Now substituting equations 3.84 and 3.82 into equation 3.83 and using slowly vary-
ing envelop approximation - where the second derivative in equation 3.83 can be
ignored - we obtain:

— 2@'9% + (0% — Q2 —iQl')p — 2iqvgc%
where I's = ¢*I" is the Brillouin linewidth which is inversely related to the phonon
lifetime: I'p = 7, !. Equation 3.85 can be further simplified by omitting the last term
in the left hand side considering that the acoustic wave decays over a very short
distance (tens of microns in optical fibers [157]) and therefore the acoustic field can
be treated locally. Furthermore, under the steady-state condition the first term on
the left hand side also vanishes, which leaves us with the following expression for
the acoustic field:

= €0V Ap AL, (3.85)

ApA;
0% — Q2 —iOl'p’
Now with the expression for the acoustic wave, we turn to the optical wave equa-

tions. The nonlinear wave equations describing the pump and Stokes waves have
the form of:

p(z,t) = €07eq” (3.86)

O*E; 1 9°E; 1 0°P
— = ) = 3.87
922 (c¢/n)? Ot  €c? Ot2 Rk (3.87)
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The source term in this equation is the nonlinear polarization, which is given by:
P = eoAYE = egAcE = L pE, (3.88)
PO
where

P, = piettkizwit) 4 ¢ o 1=p,5 (3.89)

with py = Z8y.pAs and py = 27ep*Ay. Substituting equation 3.89, 3.80 and 3.81 into
the nonlinear wave equation and using the slowly varying envelope approximation,
we obtain:

o4y | 1 0y _ iwne
dz  ¢/n Ot 2ncp0p

B 0A, L@As _iWwYe
dz  ¢/n Ot 2ncp0p

As, (3.90)

*A,, (3.91)

where we assumed w; ~ w,. Considering steady-state condition that is % =0, we
obtain the following equations:

A, iewg*y? A A4,

= 3.92
0z 2nepy N4 — 02 —iQlp’ (3.92)

OAs  dewg®y?  |Ap]® Ag
dz  2nepy Q% — Q2 —iQl'p’
These coupled amplitude equations can be reformulated in terms of the intensity of
the two waves as follows:

(3.93)

dl
7dzp = —gplyls, (3.94)
dls
- =—8phls, (3.95)

where I; = 2negA; A} and gp is the SBS gain factor which can be approximated by a
Lorentzian profile:

_ (T's/2)°
Ep = 180 (QB _ Q)2 + (FB/2)2 9 (396)
where g, is the Brillouin gain coefficient defined as:
2,2
Tew
= . 3.97
80 = a3l (3:97)

In equation 3.96, n represents a normalized overlap integral between optical and
acoustic mode(s) in a waveguide and takes a value between 0 and 1.

A final assumption to further simplify the solution of the coupled amplitude
equations is to assume that the pump has a much higher power than the Stokes,
therefore energy transfer from the signal to the pump does not affect its amplitude
so that I, = constant. Under this condition, which is called undepleted pump regime,
the evolution of the signal wave intensity from equation 3.95 can be expressed by:



44 Chapter 3. Nonlinear optics

L(2) = L(L)exp(gplp(L — 2)), (3.98)

As it can be seen in this equation, the signal wave which is injected to the waveg-
uide at z = L amplifies exponentially while propagating through a waveguide. The
undepleted pump condition is satisfied throughout this work, therefore we base our
calculations on this assumption.

3.3.5 Platforms for SBS

For SBS to take place in a waveguide, both optical and acoustic modes need to be
well confined within the waveguide, which depends upon the gain material and
waveguide structure. It is evident from equation 3.97 that the Brillouin gain coeffi-
cient is related to material properties of the medium such as acoustic velocity, mean
density and more importantly refractive index [42]. The importance of the refractive
index can be realized by noting that the electrostrictive constant in equation 3.97
scales to the fourth power of refractive index [53]:

Ye & (n? — 1)(n? +2)/3. (3.99)

Equation 3.97 also suggests that a medium with low acoustic velocity and long
phonon lifetime increases the strength of the SBS gain coefficient.

Another factor for optimizing the SBS response is the waveguide structure. As it
is seen in equation 3.98, probe amplification scales exponentially with the length of
the medium and is inversely related to the waveguide effective area (considering I =
P/Aesf). Most of the time, a significant reduction of the effective area in short-scale
waveguides leads to enhancement in nonlinear effects such as
SBS 2 In addition, the overlap integral introduced in equation 3.96 plays a critical role
in the performance of SBS waveguides. The quantity of this overlap shows how well
the two optical and acoustic modes are confined within the waveguide and overlap
with each other. While the optical wave guidance in a waveguide is provided by
the refractive index mismatch between the core and the cladding, the acoustic wave
guidance is possible through an acoustic impedance mismatch between the two of
them [42]. This acoustic mismatch is related to the acoustic velocity of material.

An example of optical and acoustic mode confinement in a chalcogenide rib
waveguide is shown in figure 3.7 [74], [158]. In this structure, the core material
(chalcogenide) has a higher refractive index and lower acoustic velocity than the sil-
ica substrate and cladding, which led to the first demonstration of SBS in an on-chip
photonic waveguide [74].

Table 3.1 provides waveguide and opto-acoustic parameters for two main plat-
forms we use in this thesis; chalcogenide rib waveguides and a hybrid silicon-chalcogenide
waveguide. Parameter gp/ A in table 3.1 includes the effect of waveguide effec-
tive area and opto-acoustic overlap integral in the strength of SBS interaction. The
longitudinal sound velocity and refractive index of the materials involved in these
waveguide structures are shown in table 3.2.

2There are occasions, when optical forces in sub-wavelength structures cancel each other and lead
to reduction or even cancellation of SBS [52]. This is explained in section 3.3.6 of this chapter.
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FIGURE 3.7: The cross-section of the chalcogenide rib waveguide and
the acoustic and optical mode profile confinement in the waveguide.
Figure from ref. [158]

TABLE 3.1: SBS parameters for chalcogenide and hybrid waveguides.

Platform Ip [MHz] Qp[GHz] A [pm?®] gB/Aes [w]
Chalcogenide [159] 34 7.7 2.3 320
Hybrid [6] ~ 40 76" 0.9 750

" This value changes with waveguide width.

3.3.6 SBS in sub-wavelength waveguides

The conventional treatment of SBS in optical fibers considers opto-acoustic coupling
as a bulk effect which arises from dispersive, photoelastic and mechanical proper-
ties of the material [83], which is described by electrostriction. This is valid under
the assumption that the waveguide dimensions are much larger than the acoustic
wavelength (w, h,r > 2“#) [42], where w and h stand for the waveguide width and
thickness in a square waveguide and r is the waveguide radius in a circular waveg-
uide, respectively. However, in sub-wavelength, high index contrast waveguides
such as silicon nanowires, the strength of photon-phonon coupling cannot be fully
described by electrostriction alone. This is due to the fact that as the surface to vol-
ume ratio in a waveguide increases, that is the waveguide cross-section decreases,
the effect of boundary forces becomes more pronounced. Therefore, opto-acoustic
coupling in the sub-wavelength regime is a function of both nonlinear material and
waveguide geometry. The most well-known boundary effect arises from the pres-
sure applied by the electric field to the surface of the waveguide, known as radiation
pressure. The effect of this force on the boundaries is called moving boundary effect.
Here, we explain the effect of radiation pressure and electrostriction in a sub-
wavelength waveguide through a simplified example from Ref. [52]. In this ex-
ample, we consider a silica nanowire with diameter d, whose boundaries expand
out by surface acoustic displacement u, as a result of an applied electric field. The
boundary expansion due to this effect is AA; = mwdu, and the change in refractive

TABLE 3.2: Refractive index and acoustic velocity of optical materials
used in this thesis. These value are from ref. [43].

Material va [m/s] n
Chalcogenide (As253) 2500 2.45
Silicon 8900 3.5

Silica 5960 1.45
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index over the expanded area is An; = ngjjica — Nair- The electrostriction acts on
the cross-section of the waveguide (A2 = md?/4) and if we consider only the radial
expansion, the radial strain can be calculated as S, = 2u;/d and the change in the
refractive index will be: A, = —1/ 2n§ilicap115r with pi; = 0.121 is the silica photoe-
lastic coefficient. The two effects are shown in figure 3.8. The strength of each effect
is estimated by the refractive index perturbation across the affected area. Therefore
we have: 71 = An1AA; and 72 = AnyA A, being the strength of radiation pressure
and photoelastic effects, respectively. In this particular example, the two effects are
comparable and since the sign of 7, is opposite the 7, they can cancel each other
for specific wire diameter. This example makes it clear that in the sub-wavelength
regime, the effect of boundary forces is of significant importance and needs to be
taken into account in the opto-acoustic coupling calculation.

Photo-

( Moving-
elastic

boundary

FIGURE 3.8: The figure is taken from Ref. [52] shows the effect of

moving boundary and photo-elasticity in the refractive index change

and compares the strength of each effect in terms of the product An *
af fectedarea. Here Any,p, = Ang and Any,e = Ans.

This effect can be included in the calculations by first using a fully vectorial ap-
proach to solve the coupled mode equations since in the sub-wavelength regime the
electric field has an axial component in addition to the transverse components which
needs to be taken into consideration. Furthermore, the effect of radiation pressure
and electrostriction can be included using the opto-acoustic overlap integral intro-
duced in equation 3.96 separately for each effect and the total effect will be the super-
position of the two effects [83], [84]. The waveguide dimensions in this thesis do not
reach sub-wavelength regime and therefore the effect of moving boundaries in the
calculation of the SBS coupling is negligible. However, the numerical calculations
of the opto-acoustic overlap presented in chapter 6 are based on a fully vectorial
approach.
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3.4 Distributed Brillouin measurement

Here, we explain two main mechanisms for distributed Brillouin measurements.
The first approach is based on a pulsed pump, where the length of the pump pulse
determines the SBS interaction length and consequently the spatial resolution of the
SBS measurement. This is the main idea behind Brillouin optical time domain anal-
ysis (BOTDA) technique. In the other approach, the distributed response is achieved
by limiting the coherence of pump and probe waves such that their interference has
a limited coherence length over which the SBS interaction can occur. Brillouin op-
tical correlation domain analysis (BOCDA) is based on this principle. We describe
four different methods to achieve BOCDA measurements namely frequency mod-
ulated, phase-coded, ASE-based and random laser-based BOCDA. In addition, we
provide an expression for the local SBS gain within the context of frequency modu-
lated BOCDA.

3.4.1 BOTDA

BOTDA was first proposed by Horiguchi et al. [88], [89]. In this technique, pump
pulses of center frequency w, counter-propagate with CW probe wave of frequency
ws, with Qp being the BFS in the medium. SBS only occurs at the location of the
propagating pump pulse, which can be detected by monitoring the amplification of
the back-scattered signal as a function of time. Any irregularity or change in the
temperature/strain along the medium that affects the BFS, results in a drop in the
amplification of the probe wave. The position of the local effect can be resolved
by translating the time over which the change in probe amplification has occurred
(dt) using the relation: dt = 2”97fd2, where n.g is the effective refractive index of the
medium. The basic principle of BOTDA is schematically shown in figure 3.9.
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FIGURE 3.9: A time trace showing probe amplification based on
BOTDA measurement.

In this technique, the spatial resolution is determined by the duration of the
pump pulse. The pulse length is limited by the phonon lifetime in the medium,
which is approximately 10 ns in silica fiber corresponding to approximately 30 MHz
Brillouin spectrum linewidth and 1 m fiber length) [160]. Figure 3.10 shows how the
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Brillouin gain is affected by the pulse length. From this plot, we can see as the pulse
length approaches 1 m, the Brillouin gain spectrum broadens and the amplification
of the probe wave decreases. This is due to the fact that the acoustic field does not
have enough time to build up for pulse duration comparable to or shorter than the
phonon lifetime [87], [160]. In addition, equation 3.96 representing the SBS gain fac-
tor for CW pump is no longer valid for a short pulsed pump. In the case of a short
pulse, the effect of pulse length (L) needs to be considered in equation 3.96 by con-
voluting the SBS gain factor (gg) with the spectrum of the pump pulse [87]. As a
result, for pulses shorter than the phonon lifetime, the wide spectrum of the pulse
broadens the SBS gain spectrum and reduces the SBS amplification [160]. In chap-
ter 2, we reviewed alternative approaches in time domain for improving the spatial
resolution beyond 1 m.
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FIGURE 3.10: Reduction in SBS gain and increase in Brillouin gain
spectrum as a result of reducing the pump pulse length (L). Figure is
adapted from ref. [87].

3.4.2 BOCDA

In BOCDA technique, which is the focus of this thesis, the localization of the SBS
response can be achieved through four different approaches as will be explained in
the following.

Frequency modulated BOCDA

The first BOCDA technique proposed and demonstrated by Hotate et al. [112] was
based on frequency modulation of the pump and the probe waves. In this tech-
nique, the frequency of the pump and probe varies with the modulation frequency
of f,, and modulation amplitude of AF'. The electric field of the counter-propagating
pump (E,) and probe (E.) at position z along the medium with length L can be ex-
pressed by the following equations:

Ep(z, t) _ Ap(Z, t)ei(kpzf[wp+27rAfcos(27rfm(tfz/vg))}t) +c.c. (3.100)

and
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E, (27 t) _ AS(Z, t)ei(—ksz—[w,s+27rAfcos(27rfm (t—(L—z)/vg))]t) +ee. (3‘101)

The interference between the pump and probe results in a time and position-dependant
frequency difference as follows [161]:

w(z,t) = wp — ws + 21A flcos(2m fr (t — 2/vg)) — cos(2m f(t — (L — 2)/vy))]
=wp —ws + 2rAf sin(m fr (L — 22)/vg) X sin(7m frm (2t — L) /vg).
(3.102)
As it is seen in this equation, the frequency difference between the pump and probe
only matches the BFS (w, — w;) at specific locations along the medium, which can
be determined by equating the term sin (7 f,,(L — 22)/v,) in equation 3.102 to zero.
Therefore, we get:

(L k:f ), k=0,1,2,.. (3.103)
At these locations, called correlation peaks, SBS occurs efficiently while at any other
location along the medium the SBS interaction is not efficient, since the frequency
difference between the pump and the probe does not match the BFS. In addition,
this equation indicates that correlation peaks occur periodically in the medium with
the interval of [38], [112]:

_ Y
m 2fm?
which limits the measurement range in this technique. The spatial resolution of this

technique is defined by Hotate et al. [115] as the "distance from the correlation peak
where the gain falls to half of its value". It is expressed by equation:

(3.104)

’UgFB

Az = AT

(3.105)
From equations 3.104 and 3.105, it becomes evident that there is a trade-off between

the measurement range and the spatial resolution. This issue is addressed in phase-
coded BOCDA.

Gain expression for BOCDA

In BOCDA the spectrum of the pump and probe is much broader than the spectral
linewidth of SBS. In other words, phase fluctuations of pump and probe waves are
much faster than the phonon lifetime. Their effect needs to be considered in calcu-
lating the gain (g) that the probe undergoes when traveling through the medium.
This can be obtained by convoluting the power spectrum of the pump and probe
beat with the SBS gain factor (gp) for each section of the medium, as expressed in
equation 3.106 and as illustrated in figure 3.10 [112].

P
LA / dT/ gB(1,v) |x(T, 1/)| dv, (3.106)
AetfAt

where v, is the group velocity of light in the medium, P; is the average pump power,
Aeft is the waveguide effective area, At is the coherence time of the pump and probe
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signals and x(7,v) is the Fourier spectrum of the pump and probe beat as a function
of the delay (7) and the frequency shift (v) between the pump and the probe and is
expressed by:

neeodett [ 4 (A% (t — )exp(i2mut)dt (3.107)
N s\—T ™ , .
2V/P Py Jooo " P

where n is the refractive index of the medium and P is the average probe power. It
should be noted that equations 3.106 and 3.107 are obtained by taking into account
the evolution of the optical and acoustic fields with time in solving SBS coupled
equations (equations 3.85, 3.90 and 3.91).
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FIGURE 3.11: Construction of the Brillouin gain spectrum (g) inside
and outside of the correlation peak [112]; P is the power spectrum of
the pump and probe beat.

As it can be seen in figure 3.11, the power spectrum of the pump and probe beat
at the correlation peak is quite narrow - since the frequency modulation is canceled
out at this position - while it broadens for the positions outside the correlation peak.
This means that the SBS response inside the correlation peak reaches the steady state
condition after the build up of the acoustic field, while the SBS response outside the
correlation peak has to be treated as a transient process [51].

Phase-coded BOCDA

The random phase coded technique was first introduced by Zadok et al. [51]. In
this technique, a binary pseudo random bit sequence (PRBS) with bit duration of T
(T much smaller than the acoustic lifetime) is applied on the pump and the probe
waves complex envelop. In the positions along the medium, where the pump and
the probe have the same distance from the point of their entry to the medium, their
phase always matches as illustrated in figure 3.12 (correlation peaks). The strength of
the acoustic field is determined by the product of the pump wave envelope and the
probe complex conjugate envelope as expressed in equation 3.85 earlier. Therefore,
at the position of the correlation peak, the acoustic field can build up effectively
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and results in the SBS interaction. At any other point in the medium, the acoustic
field does not have enough time to build up due to the fast alternation between
the phase of the pump and probe complex envelop, therefore the SBS interaction
is suppressed in those locations. In [113] Cohen et al. present an expression for
the acoustic wave evolution for a time-dependent SBS interaction. This expression
is obtained by integration over the acoustic wave equation (equation 3.85) while
neglecting % term [113]:

t
p(z,t) =igrexp(—TI'at) / exp(Cat’)Ap(t' — z/vg) ALt — (L — 2) /vg)dt’
0 (3.108)

=g /0 exp(—Ta(t — ') A,(t' — z/vy) ALt — z/vy + 0(2))dt’,

where ) ,
Q5 — Q7 —iQ'p B Yeq?
2Q - 8Qr’
and 6(z) is a position-dependent delay between the pump and the signal wave.
The spatial resolution and the measurement range in this method is determined
by the bit duration and the PRBS sequence length (M) as follows [51]:

I'y=:1

and g1

1 1
Az = ing and dm = ingT (3.109)
Here, the spatial resolution is decoupled from the measurement range; M can be
chosen to be long, while the spatial resolution remains high [51].

BOCDA based on amplified spontaneous emission (ASE)

Up to this point, the local SBS response in BOCDA is achieved by making the pump
and the probe waves uncorrelated using broad-band frequency modulation or long
sequence random phase coding. An ASE source can also be used for this purpose,
since it is by nature a random noise source. This means it includes radiative spon-
taneous emissions with random fluctuations in amplitude and phase, which are un-
correlated to one another [157], [162]. The ASE-based BOCDA was first proposed
and demonstrated by Cohen et al. [113]. Our investigations in this thesis are based
on this method.

ASE refers to the amplification of the spontaneously emitted photons in a gain
medium, which happens close to the direction of the amplification medium and can
stimulate the emission of more photons [163]. The gain medium in this study is
an erbium doped fiber with an ASE spectrum that expands over a bandwidth of
4THz covering wavelengths from 1525nm to 1570 nm. The coherence time of the
ASE (At) is determined by its full-width half maximum (FWHM) bandwidth (A f)
and its power spectral density profile [157], [162], [164]. Consequently, the spatial
resolution is given by v,At. Therefore, the power spectral density profile of the
ASE can be tailored in terms of shape and bandwidth using a relevant filter shape
to provide the required spatial resolution. Table 4.1 lists some of the common power
spectral densities and their auto-correlation functions in each case. The last column
in this table shows the extinction ratio for the highest sidelobe, which determines
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FIGURE 3.12: A schematic of PRBS coded BOCDA technique, where

red and green squares show 0 and 7 phase, respectively. The pump

and probe complex envelop at three time frames for a short sequence

code is shown, where the signs of the two waves in the middle of the

medium is always the same. The bottom plot shows the build up of

the acoustic wave in the middle of the waveguide (at the position of
correlation peak).

the level of SBS suppression outside the correlation peak. We discuss some technical
considerations regarding selection of the best filter shape in chapter 5.

Similar to the random phase-code BOCDA, the position of the correlation peak in
ASE-based BOCDA occurs at the point which has the same distance from the pump
and probe entry to the medium. Unlike the two other techniques, this technique is
not limited by the measurement range. The periodicity in the correlation peak arises
from the modulation of the phase or frequency in the previous approaches, however,
in the ASE-based technique there is no modulation and we are dealing only with one
correlation peak.

Similar to the previous approaches, SBS is suppressed outside the correlation
peak due to the rapid fluctuations in phase and amplitude of the pump and probe
complex envelopes, which does not allow the acoustic field to build up. Within
the correlation peak, however, the acoustic field can build up since the pump and
probe complex amplitudes have the same phase at that point. A simulation of the
acoustic field build up at the position of the correlation peak based on equation 3.108
is shown in figure 3.13 [113]. In this simulation, the ASE bandwidth is set to 25 GHz
corresponding to 4 mm spatial resolution in silica fiber and the build-up of acoustic
field occurs over approximately 10 ns.
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TABLE 3.3: Cross-correlation function and correlation time for rect-
angular, Lorentzian and Gaussian power density functions [164].

Power density function = Auto-correlation function Sidelobe extinction

rectangular: rec(é) Af sinc(Af 7) —13dB
Triangular: tri(ﬂ) Af sinc?(Af 7) —26dB
Gaussian: exp(— 72) gex ((=Af)27?) no sidelobe
D exp(—m e N P T

Acoustic field amplitude - 25GHz ASE

t[ns]

z[cm)

FIGURE 3.13: Simulation of acoustic field in ASE-based BOCDA
showing the acoustic build up time of 10 ns and the spatial resolution
of 4mm. This simulation is from ref. [113].
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FIGURE 3.14: Auto-correlation function of a random laser with a
zoom-in on the correlation peak [114].
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BOCDA based on random lasers

Random lasers have also been used for BOCDA measurement [114]. A random laser,
unlike a conventional laser, does not rely on a cavity with reflective surfaces or pe-
riodic structures. In a random laser, photons are scattered from multiple particles
in a disorder gain medium [165]. Therefore, the output of the random laser has low
spatial coherence. This means that a random laser can be used to create a correla-
tion peak within a medium in a similar way as the ASE source. The auto-correlation
function of a random laser with a bandwidth of 2 GHz is shown in figure 3.14 [114].
The spatial resolution of the measurement is determined by the width of the corre-
lation peak. Since the underlying BOCDA principle in this case is the same as the
previous case, we do not extend this topic any further.



55

4 Kerr nonlinearity and SBS in
silicon-chalcogenide hybrid
waveguides

4.1 Introduction

Silicon photonics, which typically deals with silicon on insulator (SOI) platforms,
has attracted a considerable attention over the past decades. This is mainly due to
its unique features including: high refractive index contrast which provides a high
level of optical confinement, transparency in the near mid-infrared (mid-IR) region
and compatibility with CMOS technology. Being compatible with mature CMOS
technology provides scalability, small feature size, low cost, efficient power con-
sumption and integration of optics with electronics on a single chip [28]. Figure
4.1 schematically shows the integration of several key optical functions including
grating couplers, waveguides, modulators, photodetectors and metal-oxide semi-
conductor field-effect transistors (MOSFETs) on a single chip [166]. Some of these
devices are briefly introduced in the next paragraph.

Modulators on SOI devices are driven by the plasma dispersion effect, where the
change in the free carrier density changes the refractive index of silicon and mod-
ulates the light [166]. Different types of modulators include carrier-depletion mode
devices based on a reversed biased PN junction [167], Mach-Zehnder interferometer
(MZI) structures [168]-[170], resonant structures [171]-[174] and devices based on
hybrid integration of other materials into silicon platforms. The hybrid integration
could be in the form of bonding III/V materials into silicon platform [175], epitaxi-
ally growing germanium [176], graphene cladding [177] or active electro-optic poly-
mers introduced to slot waveguides [178] and photonic crystal fibers (PCF) [179].
Photodetectors can be realized by integrating materials such as germanium, which
has a narrower band gap than silicon as a detector in telecom operating wavelengths
[180]. In addition, III/V materials can also be used for photodetection [181]. Fur-
thermore, on-chip light sources are achieved by either bonding [182], [183] or epitaxial
growth of III-V materials on the silicon wafer [184], [185].

These key optical components enable a large number of applications in silicon
photonics including data communication [7], [186], [187], bio-sensing [188], [189],
gas sensing [190], light detection and ranging (LIDAR) systems [191] and novel light
sources [184], [192].

In addition to the linear devices mentioned so far, SOI platforms also enable
powerful nonlinear functionalities such as supercontinuum generation [193], [194],
Raman and Brillouin lasing [6], [81], [195], [196], slow light effect [197], parametric
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FIGURE 4.1: Several optical functionalities on a SOI platform enabled
by CMOS technology. Figure from ref. [166].

amplification based on FWM [198] and wavelength conversion [199], [200] and de-
multiplexing [30], [201]. However, in nonlinear regime silicon exhibits a large non-
linear absorption due to TPA and FCA (explained in detail in chapter 3) on telecom
wavelengths, which puts a limit on the maximum input power [28] and the speed of
signal processing in silicon waveguides [30]. Here we discuss different approaches
to overcome this challenge and enable such applications in silicon platforms.

One solution is to use a PIN structure, where a silicon waveguide is placed be-
tween two regions of p-doped and n-doped silicon. By applying a reverse bias across
the silicon waveguide a depletion region is created. Examples of this method are
shown in figure 4.2, where the TPA-induced free carriers are constantly swept away
from the waveguide [142], [202]-[205]. Alternatively, silicon can be heterogeneously
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FIGURE 4.2: Reverse biased p-i-n junction to remove the effect of free
carriers in siliocn waveguides. a) Ref. [205], b) Ref.[196] and c) Ref.
[142].

integrated with another low loss and highly nonlinear material to take advantage of
the nonlinearity of the second material while avoiding the nonlinear loss of silicon.
The second nonlinear material could be added in the form of a cladding on top of a
small core silicon nanowire or deposited in a gap between the two silicon nanowire
in a slot waveguide structure. The former approach, also known as cover nonlin-
earity, pushes the optical field away from the small-core silicon nanowire such that
the optical field mostly propagates through the nonlinear cladding material [31].
The nonlinear loss is therefore reduced by preventing the optical field to propagate



4.1. Introduction 57

through silicon and guiding it through the nonlinear cladding. The trade-off in this
approach is the increase in the nonlinear effective area by spreading it out into the
cladding, which reduces the power per unite area (intensity) and consequently the
waveguide nonlinear parameter (7).

A slot waveguide consists of two silicon core waveguides with a gap in between,
which is filled with a lower refractive index material. The discontinuity of the elec-
tric field across the waveguide cross-section results in the enhancement of the elec-
tric field component of the quasi-TE mode across the high refractive index boundary
of the waveguide. This enhancement is proportional to the second power of refrac-
tive index ratio between the silicon and the gap material as shown in figure 4.3 [30],
[206]. In this case, the optical mode is mostly confined within the slot area rather
than the silicon rails resulting in a small effective mode area and consequently strong
nonlinear interaction. Examples of silicon slot waveguides are silicon rails filled with
organic material [30], [207], nonlinear polymer [29], chalcogenide glass [208], [209]
and nanocrystals [209]-[212].

si0,

FIGURE 4.3: Discontinuity of the electric field across the waveguide
slot waveguide cross-section. Figure is adapted from ref. [30].

Other approaches to avoid TPA-induced free carriers are using CMOS-compatible
materials with low nonlinear loss such as high refractive index silica (hydex) and
silicon-nitride [27], [213] or shifting the operating wavelength toward mid-IR, where
the energy of two photons is smaller than the silicon band gap, therefore TPA and
consequently FCA reduces significantly [214], [215].

Our aim in this chapter is to enable stimulated Brillouin scattering (SBS), which is
one of the strongest third-order nonlinearities, on an on-chip silicon-based waveg-
uide. As explained in chapter 3, SBS is based on the nonlinear coupling between
optical and acoustic modes and requires the two modes to overlap efficiently in a
waveguide. As a result, in order to harness SBS on a silicon-based waveguide, we
face two main challenges. First is to overcome the nonlinear loss in silicon, and sec-
ond is to provide both optical and acoustic modes confinement in the waveguide.
To address these issues, we propose hybrid integration of silicon with chalcogenide
in the form of a cover nonlinearity.

The silicon-chalcogenide hybrid waveguide exhibits a very low nonlinear loss.
Chalcogenide has a much lower TPA coefficient compared to silicon therefore, for
the same input power the third-order nonlinear loss is much lower in the hybrid
waveguide - two orders of magnitude lower nonlinear loss - compared to the SOI
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waveguide. Furthermore, chalcogenide has a high Brillouin gain coefficient g, (in-
troduced in chapter 3) which can be employed to enable SBS in the hybrid waveg-
uide. In the next paragraph we explain why an intermediate material such as chalco-
genide is required to enable SBS in a SOI platform.

Although many on-chip SBS applications have been demonstrated over the past
decade [11], [23], [35], [47], [81], [216], [217], only a limited number of them are based
on SOI platform. This is mainly due to the fact that, in SOI platforms the higher
acoustic velocity in the silicon core compared to the silica (5iO2) substrate results
in the acoustic mode leakage from the silicon core to the substrate [42]. Therefore,
alternative solutions such as under-etched pillar shape silicon waveguides [44] and
silicon membranes [45] were proposed to demonstrate SBS in silicon waveguides as
shown in figure 4.4. The former structure allows for strong opto-acoustic overlap by
limiting the leakage of acoustic field to the silica substrate and the latter structure
guides optical and acoustic modes independently and allow for a very low prop-
agation loss. Here, we take advantage of the hybrid design and heterogeneously
combine silicon with chalcogenide glass (As253) to provide a strong opto-acoustic
coupling necessary for harnessing SBS. This allows us to demonstrate SBS function-
alities in an integrable platform while avoiding TPA in silicon.

Phonons

[llustration

(b)

FIGURE 4.4: Illustration of a) under-etched pillar shape silicon
waveguide [44], and b) silicon membrane [45] for harnessing SBS in
SOI structures.

The structure of this chapter is as follows: In the first part of this chapter - which
is mainly based on our publication: “nonlinear loss engineering in a silicon-chalcogenide
hybrid optical waveguide” [218] - we describe the hybrid silicon-chalcogenide struc-
ture. Then we explain the hybrid waveguide performance in terms of Kerr nonlin-
earity based on the experimental measurement of SPM and nonlinear loss result-
ing in an expression for nonlinear FOM. The nonlinear FOM is also confirmed by
waveguide simulation and solving NLSE for the hybrid waveguide. A comparison
between the nonlinear FOM between a conventional silicon nanowire and a hybrid
waveguide is provided, which shows the nonlinear loss and FOM improvement in
the hybrid waveguide compared to the silicon nanowire. In the second part of this
chapter - which is based on the work “Compact Brillouin devices through hybrid inte-
gration on silicon” [6] - we show that by modifying the hybrid waveguide, SBS gain
of 18 dB can be achieved in this platform. An on-chip Brillouin resonator is demon-
strated as in this hybrid waveguide.
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4.2 Design and modeling of the hybrid waveguide

A schematic of the hybrid waveguide is shown in figure 4.5. It consists of a 220 nm
thick silicon waveguide on top of a 2 um silicon oxide substrate The light is coupled
in and out of the waveguide using grating couplers. Grating couplers are gradually
tapered down to a 150 nm wide silicon waveguide with the length of 2mm. The en-
tire SOI structure except the grating couplers is then covered by 700 nm thick As,S3
layer. A layer of SiO; cladding is added on top to provide further protection. Ac-
cording to the simulation results, 62 % of the optical field propagates through the
silicon core in the silicon nanowire in the absence of chalcogenide cladding, whereas
in the case of hybrid waveguide only 0.4 % of the optical field resides in the silicon
core. Therefore, the overall TPA is reduced considerably in the hybrid waveguide.

Grating coupler

FIGURE 4.5: Schematic of the hybrid waveguide.

Three different lengths of hybrid waveguide (1 mm, 2 mm and 4 mm) were used
to determine the propagation loss of 3.1 dB/cm using cut-back method. The cou-
pling loss was measured to be 5.5 dB per grating coupler.

4.2.1 NLSE for sub-wavelength waveguides

The nonlinear parameter () and the effective area (A.¢) described in chapter 3 are
valid for large core diameter waveguides such as conventional silica fiber where
the waveguide is operating in the weak guidance regime, that is the optical mode
is purely transverse and has no component in the direction of propagation [219].
However, for the sub-wavelength and inhomogeneous waveguides such as the hy-
brid silicon-chalcogenide waveguide, this assumption no longer holds [220]. In the
hybrid waveguide, the cross-section is no longer homogeneous but rather consists of
two different materials over which the optical mode is distributed in a non-uniform
manner. In addition, due to the sub-wavelength dimensions of these waveguides,
the optical mode is no longer purely transversal but it has a component in the direc-
tion of optical wave propagation, therefore the effect of this modal component needs
to be considered while dealing with such structures [219].

Different works have been done in this area in order to include the effect of
modal component and waveguide inhomogeneity in the calculation of the nonlin-
ear parameter and effective area in the sub-wavelength waveguides [31], [221], [222].
Here we follow the most general approach proposed by Afshar et al. [222], where a
full vectorial solution of Maxwell’s equations in a single mode nonlinear waveguide
leads to a vectorial version of NLSE introduced in chapter 3, as follows:

%+B%+ﬁ82714
92 Plar T a2

in which 7" is the vectorial nonlinear parameter and is defined as:

=iv" |A%| A, (4.1)



60Chapter 4. Kerr nonlinearity and SBS in silicon-chalcogenide hybrid waveguides

v _ 2 e [ (@ y)na(z,y)[2 '] + [*]’]dA )
T N ke 3| [ (e x h*).2dA[|’ ' '

In equation 4.2, e and h are the modal distribution of electric and magnetic fields,
and n and ny are the linear and nonlinear refractive index distribution, respectively.
In Ref. [222], Afshar et al. proposed a factorization of ' to clarify the contribution
of the following three factors on the waveguide nonlinearity: 1) nonlinear refractive
index through n3"?, 2) modal distribution of the electric field within the nonlinear
medium through A.¢ and 3) group velocity of the optical mode through v,. Each of
these terms are defined based on the factorization of equation 4.2 as follows:
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which can be further simplified to:
2 [ ntle*dA ’
assuming that |e*| ~ |e? |2 [222]. And finally the effective area can be written as:
([ n?le 2dA)?
Aetf = Joo el d4) (4.7)
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For the rest of this chapter, our calculations are based on these main equations.

4.2.2 Modeling the waveguide nonlinearity

Optical mode distribution in the hybrid waveguide was calculated using a commercial-
grade simulator eigenmode solver and propagator - Lumerical mode solution [223]
- as shown in figure 4.6 (a). As it is seen in this figure, the optical mode is pushed
out of the silicon core and most of the optical power is concentrated on the boarders
of the silicon core and chalcogenide cladding. This results in a higher propagation
loss in the hybrid waveguide compared to the standard silicon waveguide, since
sidewall roughness plays a major role in linear loss of the waveguides [166]. The
power distribution of the fundamental mode over a standard silicon waveguide is
also shown in figure 4.6 (b) to provide a comparison between the two structures.
From this figure, most of the power in the silicon waveguide is concentrated in the
core area.

We then exported the numerically calculated electric and magnetic field from
Lumerical software to Matlab in order to calculate the nonlinear parameters of the
waveguide by solving equations 4.2 to 4.7. The waveguide cross-section is divided
to smaller areas as shown in figure 4.7 and the nonlinear parameters are then cal-
culated for sections A; to As separately with respect to their refractive index and
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FIGURE 4.6: Waveguide cross-section and optical mode distribution
in a) a hybrid waveguide, b) a standard silicon waveguide.

TABLE 4.1: Sellmeier coefficients for different materials in the model

after ref.Nolte2015

Sellmeier coefficients S1 S105 AsoS3
By 10.668429 0.6961663 4.24
By 0.0030435 0.4079426
B3 1.5413341 0.8974794
Cy 0.3015165 0.0684043 2.5758
Cy 1.13475115 0.1162414
Cs 1104.0 9.896161

geometry. The refractive index for each material is calculated either by importing
material refractive index obtained from the fabrication process or using Sellmeier
model according to:

B;i\?

2
=1
n(\) + : NG

(4.8)

where B; and C; are the Sellmeier coefficients and their value for Si, Si02 and As9S3
are listed in table 4.1 [224].

Equation 4.6 can be used in its complex form to provide an effective nonlinear ab-
sorption coefficient a5 in addition to the effective nonlinear refractive index ngy"?
For this purpose, we replace n with (n — i) and ny with (ng —iag), respectively and
repeat the calculation for each region. The real and imaginary part of this equation
results in the effective nonlinear refractive index and effective nonlinear absorption
coefficient, respectively. The complex nonlinear factor is then calculated using equa-

tion 4.1, whose real and imaginary parts can be used to determine the nonlinear
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FIGURE 4.7: Inhomogeneous cross-section of the hybrid waveguide
and its divisions for waveguide parameters calculations.

FOM similar to what is obtained in chapter 3:

1ngavg _ 1 Re(y")

FOM = — = — 4.9
Aagavg  AmIm(yV) (4.9)
TABLE 4.2: Calculated waveguide parameters for silicon and chalco-
genide platforms.
Platform Vg N2,avg X2,avg Aett 7V FOM

Silicon  0.65 x 108 5.76 x 107 9.7 x 1072  1.03x 10~ 398 +83i 0.38
Hybrid 0.98 x 108 2.82x 107 8.67 x 10713 85x 107 21 +0.8 2.09

The calculated parameters based on the described method at wavelength 1550 nm
are shown in table 4.2. The script used for these calculations can be found in Ap-
pendix A. We repeat the same calculations for a standard silicon waveguide to make
a comparison between the two platforms in terms of the Kerr nonlinearity, nonlin-
ear loss and FOM. As it is seen in this table, although the average Kerr nonlinearity
(n5"?) in silicon is higher than the hybrid waveguide, the overall FOM in hybrid is
five times higher than the silicon due to the much lower nonlinear absorption in the
hybrid waveguide. Furthermore, as explained before, the larger effective nonlinear
area in the hybrid waveguide is due to the optical mode distribution which is less
confined in the hybrid waveguide compared to the silicon waveguide as shown in
tigure 4.6.

4.3 Experiment

In order to measure the waveguide nonlinear FOM, we measured the power and the
spectrum of 10 ps TE-polarized pulses with repetition rate of 38 MHz propagating
through the waveguide for different input power levels using the setup shown in
figure 4.8. Following the approach explained in chapter 3, the nonlinear loss can be
extracted from the input and output power measurement and the Kerr nonlinearity
induced by SPM can be obtained from the spectrum broadening of the pulses.
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Pulsed VOA EDFA P.C. VOA Isolator DUT OSA
Laser

FIGURE 4.8: Experimental setup to measure nonlinear loss and Kerr
nonlinearity in silicon and hybrid waveguides.

The pulse length is selected to be short in order to limit the effect of free carriers
absorption. Although the free-carriers are not completely eliminated, we approxi-
mated our calculations based on the assumption that their contribution is negligible.
In addition the length of the silicon and hybrid waveguides are short enough (L.
<Lp) to ignore the effect of group velocity dispersion (GVD).
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FIGURE 4.9: Output power vs input power in silicon and hybrid
waveguides.

The output of the pulsed laser goes through an isolator and is amplified using
an erbium-doped fiber amplifier (EDFA) to provide enough peak power for the non-
linear effect. Output power is measured while changing the input power using a
variable optical attenuate (VOA) and monitoring the power before and after the
waveguide through the 1% port of 99/1 couplers. The coupling in and out of the
waveguide is done through grating couplers with coupling loss of approximately
5.5dB/facet. The devices under test are silicon and hybrid silicon-chalcogenide
waveguides. Output vs input power for silicon and hybrid waveguides are plot-
ted in figure 4.9. As it can be seen in this plot, the relation between the input and
output power for silicon waveguide is not linear and for input powers above 30 dBm
the output power starts to saturate.

By plugging in P;,, = Py(T) and Pyt = P(Legt, T') in equation:

_ Py(T)eap(—az2)

P(z,T) =
(1) L+ Po(T)Lesty™”

(4.10)
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FIGURE 4.10: Pj,2 and P, refer to the input and output power of
the hybrid waveguide as plotted in figure 4.9.

which is already introduced in chapter 3, the imaginary part of the nonlinear factor
for silicon waveguide can be found. However in the case of the hybrid waveguide,
the contribution of silicon tapers attached to both ends of the waveguide needs to be
removed in order to extract the imaginary part of the nonlinear factor of the hybrid
waveguide section. This can be done by solving equation 4.10 for each waveguide
section separately and use the output of one section as the initial conditions for the
next section (as shown schematically in figure 4.10) to find the contribution of each
part to the overall imaginary part of the nonlinear factor.

We then infer the insertion loss from the input and output power by using the
relation: 10*Log(Pout/Pin). Figure 4.11 compares the nonlinear loss plot of hybrid
waveguide with that of standard silicon nanowire, which confirms much lower non-
linear loss in the case of hybrid waveguide. In this figure, we plot the normalized
loss by removing the effect of coupling losses, which is in the form of a vertical off-
set to provide a better visual comparison. A fit to the nonlinear loss curves is shown
with dashed line and is obtained using the NLSE model.
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FIGURE 4.11: Nonlinear loss in silicon and chalcogenide waveguides.

Next, we measure the output spectrum of the pulses in silicon and hybrid waveg-
uides as a function of input power level. Figure 4.12 shows the spectral broadening
for the two waveguides. As it can be seen from this figure, spectral broadening in
the silicon is much higher than the hybrid waveguide for the same input peak power
due to the higher nonlinear Kerr coefficient in silicon. The real part of the nonlinear
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parameter can be extracted from the spectral broadening. We limit our calculations
to the regime where the input power level is low enough so that the effect of FCA
is negligible, that is in the regime where input-output power relation is linear. The
spectral broadening can be related to the nonlinear phase shift using the following
equations from ref. [10].

Awgms = <(w - w0)2> - <(w - CU(])>2 ’ (411)

where Awy is the initial RMS spectral width and ((w — wg)?) is an average over the
spectral broadening induced by SPM (S(w)), which can be calculated by:

75 (w = wo)™S (w)dw

—wp)") = 412
For a Gaussian pulse, the spectral broadening factor will be:
AWrmS _ (1 + i 2 )1/2’ (413)

ACL)() 3\/§ max

Since we are using a Gaussian pulse shape (measured by Frequency-resolved optical
gating (FROG) traces), this relation can be applied to our measured data. By substi-
tuting spectral broadening Aw,,s and Awy obtained from the experiment in equa-
tion 4.13, the maximum nonlinear phase shift can be found. The nonlinear phase
shift obtained here can be plugged into equation:

(2, T) = %znu + 7" Po(T) Legs, (4.14)

which is already introduced in chapter 3, to find the real part of v in the silicon
waveguide. In the case of hybrid waveguide, however, we again divide the waveg-
uide into segments of silicon tapers and hybrid waveguide to extract the contribu-
tion of the hybrid waveguide section to the real part of the nonlinear parameter as
illustrated in figure 4.13.

Itis evident from figure 4.12 that, despite the higher nonlinear loss, silicon waveg-
uide exhibits wider spectrum broadening compared to the hybrid waveguide. This
may raise the question of what is the advantage of a hybrid waveguide in terms of
Kerr nonlinearity. It should be noted that chalcogenide has a lower nonlinear refrac-
tive index compared to silicon, and if one cares about Kerr nonlinear applications
such as fast optical switching [225], [226], then it is more appropriate to choose a
material for hybrid integration that has a nonlinear refractive index comparable or
higher than silicon as already presented in the literature [29], [30], [227], [228]. How-
ever, in our study we need to consider requirements necessary for harnessing SBS in
such platform and chalcogenide due to its high opto-acoustic coefficient is selected
for this purpose.

Table 4.3 summarizes the experimental values of real and imaginary parts of the
nonlinear factor and the FOM for the hybrid and standard silicon waveguides. This
FOM determines the achieved nonlinear gain (nonlinear phase shift) in the expense
of nonlinear loss. The hybrid waveguide exhibits 100 times improvement in terms of
TPA-induced nonlinear loss and 20 times lower Kerr nonlinearity Re(y) compared
to the silicon nanowire. Therefore, the overall FOM as defined in equation 4.9 is
improved by a factor of five. This brings FOM of the hybrid structure to a value
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greater than 1, which is required for all-optical signal processing applications [8].
The discrepancy observed between the experiment (reported in table 4.3) and the
modeling (reported in table 4.2) is most likely due to the fabrication tolerances and
simplifications that are made in the modeling.
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FIGURE 4.12: Spectrum broadening in silicon and hybrid waveguide.
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FIGURE 4.13: Extracting Re(y) for the hybrid waveguide from the
overall waveguide response.

TABLE 4.3: Experimental value of waveguide nonlinear parameters
for silicon and hybrid platforms.

Platform Re(y) Im(y) FOM
Silicon 296 815 028
Hybrid 13 0.79 1.29
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4.4 SBS in silicon-chalcogenide hybrid waveguides

In the previous section, we demonstrated that the hybrid silicon-chalcogenide waveg-
uide in the form of a cover nonlinearity provides two orders of magnitude lower
nonlinear loss and a nonlinear FOM higher than 1.

In this section, we discuss how the hybrid waveguide described earlier can be
modified to accommodate SBS. Two main design modifications are required to en-
able SBS in the hybrid waveguide: 1) removing the narrow silicon strip entirely and
2) etching the chalcogenide cladding to form a waveguide that could support the
optical and acoustic modes. In this way, light is coupled in and out of the waveg-
uide through silicon grating couplers and SBS interaction occurs in the chalcogenide
waveguide. The design of the waveguide is as follows; it starts with a standard
SOI platform consisting of silicon grating couplers tapered down to a 450 nm wide
silicon nanowire. The silicon nanowire then further tapers down from 450 nm to a
150 nm tip over the length of 100 um, which leads to an open area with no silicon
deposition. A 680nm thick chalcogenide layer is then deposited on top of the SOI
structure, which covers the area between the two grating couplers but leaves the
grating couplers uncovered. A 1.9 um wide waveguide is patterned using electron
beam lithography (EBL) technique in the area where chalcogenide is deposited. Fi-
nally, a 1 pm layer of silica cladding covers the waveguide for further protection and
providing better confinement. A schematic of the etched hybrid structure is shown
in figure 4.14 [6].

Silicon
As,S,
Sio,

FIGURE 4.14: Structure of the hybrid waveguide for SBS interaction

[6].

The silicon taper connecting silicon nanowire to chalcogenide waveguide is long
enough to guarantee a smooth optical mode transition. The chalcogenide waveguide
is in the form of a spiral consisting of several bends with the physical length of 5.8 cm
and effective length of 3.9 cm considering the propagation loss of 0.7dB/cm. The
total insertion loss of the waveguide is 4 dB. The waveguide cross-section and the
mode profile of fundamental TE mode in the chalcogenide waveguide are shown in
figure 4.15 (a) and (b) [6]. The dispersion plot of chalcogenide waveguide shown
in figure 4.15 (c) indicates that it can support up to ten optical modes, however a
smooth transition from the single mode silicon waveguide to the wider chalcogenide
waveguide guarantees that most of the optical power remains in the fundamental
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mode while coupling into the chalcogenide waveguide. A transmission loss of 1%
is calculated through numerical simulation.

(a) (b)
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FIGURE 4.15: a) hybrid waveguide cross-section, b) mode profile of

fundamental TE mode in hybrid waveguide, c) dispersion plot of the

hybrid waveguide; this plot shows effective refractive index calcu-

lated for the first ten waveguide modes start from the fundamental

mode (T'Ey) in blue color up to 105" order mode shown in cyan color.
Figure is adopted from ref. [6].

SBS in the hybrid waveguide is measured using the experimental setup shown
in figure 4.16. The setup consist of a laser source at frequency w., which divides into
pump and probe arms. The pump wave is modulated by an intensity modulator to
create an upper-side band shifted by wy from the carrier frequency while the carrier
and lower side band are removed by a band-pass filter. The pump is then ampli-
tied by an erbium-doped fiber amplifier and is sent into the waveguide through the
grating coupler. In the probe arm, the signal is modulated by a single-side band
modulator with frequency wrr ~ wy — Qsps, where Qgpg is the Brillouin frequency
shift. The upper side band and the carrier then coupled to the waveguide through
grating couplers. The probe amplification is collected at port 3 of circulator, where
the pump back-reflection is rejected by a band-pass filter. The two remaining fre-
quency components beat together and the amplification of the modulated side band
can be measured around the beat frequency wrr to construct the Brillouin spectrum.
The spectrum of the amplified probe for different pump powers are shown in figure
4.16. From this plot, a net Brillouin gain of 18.5dB is obtained using the hybrid
structure.

Gain (dB)

7.2 .
(b) Frequency (GHz)

FIGURE 4.16: a) Experimental setup for SBS measurement in hybrid
waveguide, b) SBS spectrum at different pump power levels [6].

The Brillouin gain obtained in the hybrid waveguide is further utilized to demon-
strate a SBS laser on a silicon-based platform [6]. This is achieved through careful
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design of a chalcogenide ring resonator whose free spectral range (FSR) precisely
matches the Brillouin frequency shift (BFS) of the waveguide. The detail of the de-
sign and experiment can be found in ref. [6].

4.5 Summary

In this chapter, we experimentally demonstrated third-order nonlinearities namely
SPM and SBS on a silicon-chalcogenide hybrid waveguide. The first part of this
chapter was aimed to demonstrate the nonlinear loss improvement necessary for
enabling third-order nonlinear interactions in SOI platforms. A nonlinear FOM was
defined to compare the nonlinear performance of a standard silicon waveguide with
a silicon-chalcogenide hybrid waveguide. The hybrid waveguide introduced in this
chapter is in the form of a cover nonlinearity, however, another possible solution
would be the use of a slot waveguide filled with chalcogenide. This approach would
result in a much smaller effective area and a higher nonlinear parameter. It is worth
mentioning that we also attempted silicon-chalcogenide slot waveguide. However
due to the large fabrication tolerances in the thickness of deposited chalcogenide
filling and the fact that the slot waveguide operation is sensitive to the thickness
of the chalcogenide layer, we were not able to achieve optical transmission in this
waveguide.

We also showed how SBS can be achieved in a silicon-chalcogenide hybrid waveg-
uide by properly forming a chalcogenide waveguide, which can confine both optical
and acoustic modes. The ability to harness SBS in this waveguide and the flexible de-
sign technique allow us to fabricate custom-designed SBS waveguides, which will be
used in chapter 5 and 6 to demonstrate our experiments in on-chip SBS distributed
sensing.
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5 Distributed Brillouin sensing in
chalcogenide waveguides:
proof-of-concept

As discussed in chapter 2, among different approaches that can be used for a dis-
tributed SBS measurement, BOCDA offers the highest spatial resolution. Therefore,
we use this technique to measure local SBS responses of photonic waveguides on a
chip. Here, an analogy is made to describe the mechanism of BOCDA. BOCDA in
many ways can be compared to a radio detection and ranging (radar) systems; both
technologies are based on the interference of two electromagnetic waves - one is in
the radio frequency (RF) domain and the other is in the optical domain. Also, similar
to radar which uses the cross-correlation between the transmitted and the received
signals to determine the distance (by measuring the time delay) and the velocity
(by measuring frequency difference) of a moving object, BOCDA uses the cross-
correlation between the counter-propagating, frequency-shifted pump and probe
signals to detect the SBS response at a certain position along the medium as illus-
trated in figure 5.1 (a) and (c).

In the case of radar, the received signal is compared against copies of the trans-
mitted signal with different delays and frequency shifts. When the delay and the
frequency shift of one of the copies matches to that of the received signal, the cross-
correlation function between the two signals reaches its maximum value and that
way the position and the velocity of the object can be detected. Figure 5.1 (b) shows
the cross correlation of the transmitted and the received signals for different delays
and at different frequencies through a two-dimensional function called ambiguity
function [229], which will be discussed further in the next section. In BOCDA sys-
tem, the ambiguity function is formed by first varying the frequency shift between
the pump and probe waves to find the frequency shift that matches the best to the
BFS (here the frequency shift between the two waves is caused by the moving index
grating traveling with the acoustic velocity in the medium), and second by scan-
ning the entire length of the waveguide to find the position where the strength of
the SBS signal is maximum. Similar to radar, the ambiguity function determines the
frequency and spatial resolution of the measurement as shown in figure 5.1 (d).

The following section describes the modeling and experimental steps toward
sub-mm spatial resolution measurement of a chalcogenide chip based on ASE-based
BOCDA setup.
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FIGURE 5.1: a) A radar system detecting a moving object with the
spatial and frequency resolution determined by the ambiguity func-
tion of the transmitted and received signals. b) An example of the
ambiguity function for an amplitude-weighted linear-FM pulse [229].
c) BOCDA measurement detecting SBS response in a position along
the waveguide using ambiguity function of the pump and the probe
signals. d) Ambiguity function of the rectangular-shape ASE pump
and probe signals.

5.1 Publication: Highly localized distributed Brillouin scattering
response in a photonic integrated circuit
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Pan Ma, Stephen ]. Madden, and Benjamin J. Eggleton. "Highly localized distributed

Brillouin scattering response in a photonic integrated circuit." APL Photonics 3, no.
3, page 036101, (2018).

Abstract

The interaction of optical and acoustic waves via stimulated Brillouin scattering
(SBS) has recently reached on-chip platforms, which has opened new fields of appli-
cations ranging from integrated microwave photonics and on-chip narrow-linewidth
lasers, to phonon-based optical delay and signal processing schemes. Since SBS is
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an effect that scales exponentially with interaction length, on-chip implementation
on a short length scale is challenging, requiring carefully designed waveguides with
optimized opto-acoustic overlap. In this work, we use the principle of Brillouin opti-
cal correlation domain analysis (BOCDA) to locally measure the SBS spectrum with
high spatial resolution of 800 um and perform a distributed measurement of the Bril-
louin spectrum along a spiral waveguide in a photonic integrated circuit (PIC). This
approach gives access to local opto-acoustic properties of the waveguides, includ-
ing the Brillouin frequency shift (BFS) and linewidth, essential information for the
further development of high quality photonic-phononic waveguides for SBS appli-
cations.

Introduction

Stimulated Brillouin scattering (SBS) is an opto-acoustic interaction, in which the en-
ergy of the pump wave transfers into a frequency down-shifted probe wave (Stokes)
through an acoustic wave. SBS enables many applications [230] such as narrow
linewidth lasers [32]-[34], [80], optical delay lines [22]-[24], temperature [231] and
strain sensors [38], [39], [161], [232], microwave generation [11], [12] and signal pro-
cessing [18], [19], [35]. In particular, the possibility to generate SBS on-chip opens
a new paradigm for compact integrated devices in a small-footprint [19], [44], [74],
[217]. Harnessing SBS on-chip, however, is challenging since SBS scales exponen-
tially with the interaction length [10]. To achieve strong opto-acoustic coupling, it is
necessary to confine the optical and acoustic mode simultaneously in a small cross-
section [42]. One possibility is to use soft-glass waveguides sandwiched between
a more rigid cladding material [74], however in recent years more complex struc-
tures were put forward to generate strong on-chip opto-acoustic overlap, such as
under etched silicon waveguides [44], [45], hybrid silicon-silicon nitride membranes
[233], fully suspended nanowires [44], band gap engineered soft-glass waveguides
[234] or multi-material hybrid circuits [6], [235]. The high complexity of the waveg-
uides that guide optical and acoustic waves, and the sensitivity of these modes to
even small variations in geometry [41], [47], [236] requires a technique to probe the
opto-acoustic coupling strength on a sub-millimeter length scale. These new insights
will help to better understand local parameters effecting the overall SBS gain re-
sponse, ensuring high performance and high yield of the photonic waveguides. In
addition, as part of the design process, it is critical to study and characterise new
designs against the simulation results and understand the effect of local design pa-
rameters such as tapers, bends and couplers on the overall opto-acoustic response
of the waveguide.

Numerous distributed SBS measurement techniques have been developed, in-
cluding Brillouin optical time domain analysis (BOTDA) [39], [69], [70], Brillouin
echo distributed sensing (BEDS) [92], [93] and Brillouin optical correlation domain
analysis (BOCDA) [40], [112], [161]. BOTDA has limited spatial resolution, since the
pump pulses should not be shorter than the phonon lifetime (corresponding to 1
m spatial resolution in optical fiber). BEDS proposal was put forward to overcome
this limitation relying on a short m phase shift applied to the continuous wave (CW)
pump instead of a pulsed pump, which improves the spatial resolution down to
1em [39], [92]. BOCDA enables millimeter order spatial resolution through broad
spectrum pump and probe whose product in time domain is a spatially localized
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correlation peak. The linewidth of this correlation peak defines the spatial resolu-
tion of the system.

The first BOCDA technique was based on the broad-spectrum frequency-modulated
pump and probe waves [111], [112]. A more advanced setup using the same tech-
nique was introduced in [38], where 3 mm spatial resolution in fiber was experi-
mentally demonstrated. Also, a 5.9 mm spatial resolution Brillouin frequency shift
measurement in PLC was reported in [47]. Following the initial demonstration of
BOCDA, different variations of BOCDA have been introduced, including random
bit phase-modulated pump and probe [51], Golomb-code modulated pump and
probe [237] and noise-based correlation technique [113], [157]. The realization of
the broad-spectrum pump and probe through the frequency and phase modulation
adds to the complexity of the experiment and limits the measurement range due to
multiple correlation peaks, whereas the noise-based correlation technique relies only
on the amplified spontaneous emission (ASE) of an Erbium doped fiber [113], which
offers simplicity and high spatial resolution. 3 mm and 4 mm spatial resolution in
fiber were reported in [238] and [113], respectively using the noise-based approach.
However, the noise-based approach suffers from limited signal to noise ratio (SNR)
mainly due to the stochastic nature of the ASE source.

In this work, we chose the latter approach to characterise chalcogenide pho-
tonic waveguides, since this technique offers the highest spatial resolution based
on a simple ASE source. We demonstrate a record on-chip spatial resolution us-
ing this noise-based BOCDA measurement and a significant improvement in SNR
is achieved by adding a lock-in amplifier (LIA) to the setup. We spatially resolve
the Brillouin response of a chalcogenide photonic waveguide on a chip with a high
spatial resolution of 800 pm, which we believe is the the smallest section over which
SBS has been observed in a planar waveguide. This setup employs the ASE of an
Erbium doped fiber to resolve features such as waveguide thickness and the resul-
tant effective refractive index change of an AsyS3 photonic waveguide. This work
provides the basis for the understanding of a very local interaction of optical and
acoustic waves and the design of novel waveguide structures.

Principle of operation

SBS is an inelastic scattering effect, in which two counter-propagating optical pump
and probe waves generate a moving index grating in the medium, which travels
with the acoustic velocity (v,). The pump wave is backscattered by the moving index
grating, which results in a frequency down-shifted Stokes wave in the backward
direction. The frequency difference between the pump and the Stokes is called the
Brillouin frequency shift (BFS) {25 and is defined as [53], [239]:

_ 2NneffVq

Qp =—"—, (5.1)

where n.g is the effective refractive index of the medium and A is the pump wave-
length. The BFS depends upon the optical material as well as the waveguide dimen-
sions and environmental conditions such as temperature and strain, which makes
SBS suitable for sensing purposes [40], [161], [231]. In order to employ SBS as a
distributed sensing approach, a localize BFS measurement is required. Among the
different distributed SBS techniques introduced in the previous section, we select
BOCDA since it provides the highest spatial resolution down to mm-scale [38], [113],
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which is the preferred method for mapping cm-scale integrated photonic circuits
[47].

The key to realize a localized SBS measurement using BOCDA is that unlike the
conventional SBS measurement technique, which relies on the coherent pump and
probe signals, BOCDA employs a highly non-coherent signal as the pump and the
probe [112]. In general, the cross-correlation function between the pump and the
probe signals (could also called the auto-correlation function since the pump and
the probe signals are driven from the same source) defines the spatial resolution
of the local SBS response. For an integrated SBS measurement, the coherent pump
and probe signals create a constant cross-correlation function along the medium,
therefore the SBS response is the accumulative gain collected from the entire length
of the medium. In BOCDA, however, the cross-correlation between the non-coherent
pump and probe signals gives rise to a spatially localized correlation peak, which
confines the SBS response into a narrow region and suppresses it elsewhere in the
medium [112]. This gives access to a localized SBS response and is illustrated in Fig.
5.2(a).

A filtered ASE source with a bandwidth of 80 GHz and its auto-correlation func-
tion are shown in Fig.5.2(b) and Fig.5.2(c), respectively. The bandwidth Af of the
ASE spectrum defines its coherence time At by: AtAf ~ 1. Therefore, the spatial
resolution of the localized response can be adjusted by changing the ASE bandwidth
[113].

The overall SBS gain (g) is obtained by adding together the individual local Bril-
louin gain spectrum g, spatially weighted by the cross-correlation function over the
entire length of the waveguide using the following equation [112]:

P
= ool / dT/ gB(T,v) |x(,v)|* dv, (5.2)
At At

where v, is the group velocity of light in the medium, P; is the average pump power,
Aeft is the waveguide effective area, and x (7, v) is a two dimensional function, which
defines the cross-correlation between the complex envelope of the pump u(¢) and the
probe u(t — 7) as a function of the delay (7) and the frequency shift (v) between the
pump and the probe. x(7, ) is calculated using the following equation [112], [229]:

nceo Ae

PPy
where n is the refractive index of the medium, c is the speed of light in the vacuum,
€o is the free space permittivity and P is the average probe power. Equation 5.3 is
also known as the ambiguity function [229], since it introduces a degree of ambiguity
in the measured Brillouin gain spectrum. A simulation of the ambiguity function for
the 80 GHz ASE spectrum pump and probe is shown in Fig. 5.2(d).

In this simulation, the medium is a 17.5 cm chalcogenide waveguide with the BFS
of 7.6 GHz, and the pump and the probe arm are assumed to have the same length
(zero delay between the pump and the probe). The delay between the pump and
the probe can be translated into the position in the waveguide using the relation:
x = (vyT 4+ L), where v, is the group velocity in the waveguide and L is the total
length of the waveguide. As it can be seen in Fig. 5.2(d), the correlation peak occurs
in the middle of the waveguide (plotted in linear scale), and the frequency response
is maximum at 7.6 GHz.

x(r,v) = - u(t)u*(t — 7)exp(i2nvt)dt, (5.3)
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FIGURE 5.2: a) Correlation peak in the waveguide as a result of broad-

spectrum pump and probe. b) 80 GHz ASE spectrum and c) its auto-

correlation function in dB scale along the waveguide. d) Ambiguity

function of an 80 GHz square ASE spectrum in a AsyS; waveguide,

the colormap is scaled with the normalized linear power of the ambi-
guity function.

In our experiments, a filtered ASE of an Erbium doped fiber is used as the com-
mon source for the pump and the probe. The correlation peak position is moved
along the medium using a delay line to change the relative delay between the pump
and the probe arms. The integral sum of the local Brillouin gain spectrum multi-
plied by the local spectrum of the ambiguity function over the length of the medium
is measured for each delay step, which is referred to as the local SBS response in this
document. This product is maximum at the correlation peak and is suppressed by
the shape of the correlation function at any other point. The contribution of these
points add to the ambiguity (noise) of the overall Brillouin gain spectrum.

Experiment and discussion
Experimental setup

The experimental setup is shown in Fig. 5.3(a). The ASE spectrum of an Erbium
doped fiber passes through a polarization beam splitter (PBS) and is filtered to a
square-shape spectrum. The bandwidth of the band-pass filter varies from 25 GHz
to 89 GHz depending on the desired spatial resolution. An Erbium doped fiber am-
plifier (EDFA) is used to pre-amplify the polarized filtered ASE, which is then di-
vided between the pump and the probe arms with a power ratio of 30 % to 70 %,
respectively.

The pump signal is modulated by a Mach-Zehnder modulator (MZM) using
square pulses of 500ns width and 5% duty cycle. The same radio-frequency (RF)
source that derives the MZM, triggers the lock-in amplifier (LIA) with the refer-
ence frequency of 100kHz. In the probe arm, a dual-parallel Mach-Zehnder mod-
ulator (DPMZM) is used to generate a single sideband (SSB), down-shifted by the
BFS (10.8 GHz for SMF and approximately 7.6 GHz for chalcogenide waveguides).
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FIGURE 5.3: a) Setup for BOCDA measurement. LIA: lock-in ampli-

fier, BPF: band-pass filter, PBS: polarization beam splitter, IM: inten-

sity modulator, SSB: single side band modulator, PD: photo-detector,

DUT: device under test, f,: reference frequency, RF Sig. Gen.: radio

frequency signal generator, DAQ: data acquisition. b) cross-section of
the As,S3 short waveguide.

This technique results in 25 dB of side-band and carrier suppression, which is crit-
ical to improve the SNR. The SSB is swept over a 350 MHz frequency span around
the BFS using an automated RF signal generator to measure the SBS gain spectrum.
The delay line is swept automatically to change the delay between the pump and
the probe arms and therefore, changing the position of the correlation peak in the
medium. The pump and the probe signals counter-propagate through the medium
and the back- scattered signal (Stokes) is collected at port 3 of the circulator. At the
LIA, only frequency components which match the frequency of the pump pulses
(reference frequency) are detected and amplified and the rest of the ASE spectrum
coming from the probe is rejected; this will improve the SNR of the measurement.
Also, since SBS is a polarization sensitive process and our waveguide is strongly
birefringent, careful consideration was taken during the measurement to align the
polarization of the pump and the probe signals to the fundamental TE mode. Once
the polarisation is optimised, it remained unchanged during the measurement.

Signal to noise ratio (SNR)

The SNR for this experiment is defined as the ratio of the increment in the expected
value of the detector reading due to the SBS amplification (AW) to the detector noise
(ow) as described in reference [113].
SNR = A—W (5.4)
ow
After substituting the terms AW and oy from reference [238], the SNR can be

summarized as follows:
P TA
SNR = 98-, [T9= 28 (5.5)
At 2
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where gp is the SBS gain coefficient, Pp is the peak pump power, A is the effective
waveguide area, v, is the group velocity, 7" is the LIA integration time and Az is
the spatial resolution. In our devices gp/Aeg is in the order of 400m~—! W1, the
detector integration time is 50 ms and depending on the peak pump power and the
spatial resolution of the measurement, the SNR varies from 36 dB to 38 dB. It should
be noted that we calculated the SNR by taking into account the contribution from
the LIA, which is not present in the previously reported measurement [238], where
instead a large number of averaging was performed to improve the signal detection.

The SNR of this measurement is mainly limited by the stochastic nature of the
ASE source [162]. In addition, since this measurement is carried out in a photonic
waveguide, we have a strong back reflection component at the reference frequency
(100 kHz) due to the waveguide facets and Rayleigh back scattering. The contribu-
tion of the pump back reflection is therefore always present in the measurement and
deteriorates the experimental SNR.

Scanning the waveguide

We aim to fully detect and resolve a short AsyS3 rib waveguide. The waveguide is
2.2 pym wide with slab thickness of 600 nm and ridge thickness of 330 nm as shown
in Fig. 5.3(b). The light is coupled into and out of the waveguide using lensed fibers
with approximate coupling loss of 4.2 £ 0.2 dB per facet. The propagation loss is
about 0.2dB cm ™! and the total loss of the waveguide is 9 + 0.5 dB at the pump peak
power of 27 dBm.

The filter bandwidth is set to 25 GHz corresponding to 2.5 mm spatial resolution
in the waveguide according to:

Ax =~ %ngt, (5.6)

where v, = nig and ng is the group index of the waveguide.

The delay line and the RF signal generator are controlled by a computer program;
the delay line takes 1 mm steps at every 5s and the RF signal generator sweeps the
probe signal over 350 MHz span with 2.5 MHz spectral resolution for each delay step.
For every frequency, the back scattered signal is collected at port 3 of the circulator
and is measured by the LIA.

By moving the correlation peak through the waveguide using the delay line, a
map of local Brillouin responses is created as shown in Fig. 5.4(a). The region over
which the local Brillouin responses are detected is approximately 20.8 mm, corre-
sponding to the length of the waveguide.

By fitting the local responses with a Lorentzian profile, a map of BFS over the
length of the waveguide is established. The BFS over this region is fairly consistent
with a mean value of 7.58 GHz and standard deviation of 3.2 MHz, which confirms
the uniformity of the waveguide. In order to confirm this measurement, the waveg-
uide is scanned in a reverse direction; that is the pump and the probe directions are
swapped. This measurement also shows consistent BFS over the waveguide length.
The BFS associated with the two measurements are shown in Fig. 5.4(b).

A local Brillouin response at a random position in the waveguide (1.4 cm from
the waveguide input facet) is shown in Fig. 5.4(c). A Lorentzian profile is fitted to
the measured points, which has a linewidth of 41 MHz and a maximum at 7.58 GHz,
corresponding to the linewidth and the BFS of the local SBS gain spectrum. The
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FIGURE 5.4: a) Normalized,Lorentz fit of the BOCDA measurement

in a short As;S3 waveguide (the colormap plot shows the normalized

power in a linear scale). b) BFS of the forward and backward scan.

¢) A local Brillouin spectrum at 1.4 cm from the waveguide facet with

a Lorentzian fit. d) Scan of the waveguide facet with 800 pm spatial

resolution, averaged over four traces (the colormap shows the nor-
malized power in a linear scale).

measured local gain at this position is approximately 0.15 dB, and the SNR according
to Equation 5.4 is 25 dB. The discrepancy between the calculated and the measured
SNR is mainly due to the strong pump back-reflection coming from the waveguide
facets.

The filter bandwidth is then increased to 80 GHz, which corresponds to a spatial
resolution of 800 um in the waveguide. The edge of the waveguide is resolved us-
ing this high spatial resolution setting as it is shown in Fig. 5.4(d). Since the SBS
interaction length is only 800 um, an averaging over four measurements is required
to resolve this region. The delay steps in the delay line are set to 1 mm in free space
and the scanning range is over 3 mm length of the waveguide. As the correlation
peak travels from the lensed fiber into the chalcogenide waveguide, the optical field
experiences different effective refractive indexes. This means that for a fixed delay
step in free space (1 mm), the delay steps outside the waveguide are longer (0.33 mm)
than the delay steps inside the waveguide (0.2 mm). This feature can be seen in Fig.
5.4(d).

Waveguide characterization

The second experiment aims to look at the uniformity of a long spiral waveguide
(17.5 cm long), which consists of several 180° bends (with bend radius of approxi-
mately 200 pm) as well as straight regions. The waveguide is in the form of a rib
waveguide and is 2.4 pm wide with slab thickness of 600 nm and ridge thickness of
330 nm.
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The filter bandwidth is set to 62.5 GHz corresponding to 1 mm spatial resolution
in the waveguide. The waveguide insertion loss is 15 £+ 1 dB and the pump peak
power before coupling is set to 29 dBm. The spectral resolution of the measurement
is 2.5 MHz and each local measurement takes 5s to complete. Fig. 5.5(a) shows a
map of local Brillouin responses over the first 5 cm of the waveguide, which is closer
to the pump arm. As it is plotted in Fig. 5.5(a), the local BFS gradually changes
in an oscillating pattern as we scan through the waveguide. In order to confirm
this measurement, the waveguide is scanned in the reverse direction by physically
swapping the pump and the probe connections to the waveguide. As it is shown in
Fig. 5.5(b) - which is a mirrored image of the first scan, the same variations in the
local BFS is observed when the direction of the scan is changed. From Fig. 5.5(b), it
can be seen that the SNR of the local responses in the second scan is lower compared
to the first scan. This is due to the fact that the two measurements are not symmetric.
In the first measurement, we scan the edge of the waveguide (toward the pump)
whereas in the second measurement, the pump and probe are swapped and the
pump is now located further away from the scanning region. Therefore, the pump
signal experiences an additional propagation loss (3.5 dB), which results in a lower
SNR.

Fig. 5.5(c) confirms that the local BFS in the forward and the reverse scan match.
In addition, a local BFS variation of 22 MHz is observed in this plot. This suggests
that the optical mode experiences varying effective refractive index as it propa-
gates through the waveguide, according to Equation 6.1. By matching the BFS to
the waveguide layout as shown in Fig. 5.5(d), it can be seen that as we scan from
the edge of the waveguide toward the bends and travels back to the edge, the BFS
changes accordingly. This confirms that the waveguide has a lower effective re-
frative index at the edge and slightly higher effective refractive index at the center.
The linewidth of the local SBS responses along the waveguide is shown in Fig. 5.5(e).
The standard deviation is 1.53 MHzand 6.03 MHzfor the forward and the backward
scan, respectively. The local Brillouin response and its Lorentzian fit at position 2 cm
from the edge of the waveguide for the forward measurement are depicted in Fig.
5.5(f). The local response has a linewidth of 42.7 MHz and a BFS of 7.72 GHz as
shown in Fig. 5.5(f). The local gain at this position is measured to be 0.9 dB, and the
SNR according to Equation 5.4 is 26.7 dB.

Simulation and Analysis

In order to confirm the effective refractive index variation, we used the spectro-
scopic reflectometry technique [240] to obtain the refractive index information of
the chalcogenide film across the wafer with a resolution of 1cm?. Fig. 5.6(a) shows
the reflectometry result where the red box indicates the region which is scanned
by the BOCDA setup. The map indicates 0.008 index variation over 20 mm length
of the waveguide. In addition, we investigate the effect of deposition and etching
non-uniformity on the effective refractive index by sweeping the ridge and the slab
thicknesses over the fabrication variation of +5 % using a commercial-grade simu-
lator eigenmode solver and propagator [223]. The result is presented in Fig. 5.6(b).
From this figure, a change of 22.8 MHz in BFS occurs if the ridge and the slab thick-
nesses increase by 5% from the edge of the waveguide toward the center, which
agrees well with the BOCDA measurement. Note that this photonic chip, which has
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FIGURE 5.5: BOCDA scan of the long waveguide in a) forward di-

rection and b) reverse direction (the colormap shows the normalized

power in a linear scale). ¢) BFS of the forward and the backward

scan. d) the mask layout and the schematic of the scanned region in

the waveguide. e) Local SBS linewidth of the forward and reverse

scan. f) Local SBS response at position 2 cm from the front facet in the
forward direction.

extreme variation in its refractive index values (not a typical one), was selected to
enable us to track these changes with our BOCDA system.

The effect of the bends on the effective refractive index change and consequently
the BFS change is also studied; the numerical simulation indicates 3 MHz BFS change
due to the bends for the fundamental TE mode (which is the dominant mode in the
waveguide) and 120 MHz change in the BFS as a result of coupling to the higher
order mode. Comparing these values with the experimental observation, confirms
that the BFS variation is not due to the bends and that the optical mode remains
unaffected by the bends.

Spatial Resolution Confirmation

In order to confirm the spatial resolution of the BOCDA setup, detection of a 1 mm
long dispersion shifted fiber (DSF) spliced in between the two pieces of single mode
fiber (SMF) with slightly different BFS is demonstrated.

The ASE bandwidth is set to 89 GHz, which corresponds to 1.1 mm spatial reso-
lution in silica fiber. The correlation peak is moved by 0.2mm steps in fiber. As it
moves from the SMF into the DSF and back to the SMF again, the BFS of the local
Brillouin responses changes from 10.89 GHz to 10.68 GHz and back to 10.89 GHz as
shown in Fig. 5.7(a). Fig. 5.7(b) shows the appearance and disappearance of the DSF
peak over the short region of 1 mm. As it is observed in Fig. 5.7(b), the SMF peak
is present in all the traces since part of the correlation peak always overlap with the
SMEF. However, the amplitude of the SMF peak is the lowest when the correlation
peak is entirely inside the DSF, and has minimum overlap with the SME. The SNR
in this measurement is low because silica fiber has lower SBS gain compared to the



Chapter 5. Distributed Brillouin sensing in chalcogenide waveguides:

82 proof-of-concept

2474 345 % 20
2472 E \
2470 i 340 % 15~
. 10 '~
2468 § 335 % s &
=) =
2466 & \ 0 =
2464 = 330 s S
2460 5 5
2458 2 320 zog
2456 = 3qg P
2454 570 580 590 600 610 620 630

-20 -10 O
(a) % [mm] (b) Slab thickness [nm]

FIGURE 5.6: a) Refractive index map of the wafer taken by a spectro-
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FIGURE 5.7: a) Scan of a 1 mm piece of DSF spliced in between the

SMEF fiber with 1.1 mm spatial resolution (the colormap shows the lin-

ear normalized power). b) Local SBS response at different positions
of the sample.

AsyS3 waveguide. Therefore, we averaged the measurement over four traces to fully
recover the DSF piece.

Conclusion

A BOCDA distributed SBS measurement with on-chip spatial resolution of 800 pm
and 1.1 mm spatial resolution on fiber is presented. This sub-mm spatial resolution
is achieved despite the challenges present in the photonic waveguide measurement
including sensitive power handling, strong polarisation sensitivity, additional loss
due to the coupling from the fiber to the waveguide and strong back reflection due
to the waveguide facets, which are not present in any of the fiber based measurement
previously reported. The issue of SNR reported in Ref. [113] was addressed using
a LIA detection technique. Using this setup, we demonstrate the degree of unifor-
mity of AsyS3 waveguide. As a proof of principle demonstration, we resolved 5%
variations in waveguide thickness, which is in agreement with expected fabrication
tolerances. This demonstration presents the first on-chip SBS response measurement
with sub-mm resolution and opens up new opportunities to discover fundamental
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opto-acoustic effects locally in SBS integrated platforms, which have not yet been
studied closely. In addition, from the design optimization point of view, this setup
will enable us to study the local SBS response in any part of the waveguide which
is subjected to the geometrical variations such as tapers and bend regions in long
spiral waveguides, which is critical for designing new opto-acoustic waveguides.

5.2 Additional measurements

In addition to the published work reported in the previous section, we provide some
additional measurement to give the reader a better prospective on the technical as-
pects of the measurement and the limitations we were facing in the experiment.

The effect of ASE spectrum on the spatial resolution

Here, we experimentally study the effect of the pump and probe spectral profile on
the spatial resolution of the BOCDA measurement. From table 1.3 in chapter 3, it
is evident that a Gaussian power spectral density profile would be a good choice
for this purpose, since its auto-correlation function is also a Gaussian function and
does not have any sidelobes [164]. Such spectral shape can be constructed using a
specialized filter known as WaveShaper by FINISAR [241]. However, the extinction
ratio of this filter is not as high as some other rectangular filters (Yenista XTM-50
[242] and Alnair-BVF-300CL [243]) which were available to us. The rectangular filters
provide approximately 10 dB higher extinction ratio compared to the WaveShaper.
Although the Gaussian profile performed well up to spatial resolution of 1.5 mm, its
performance deteriorated for spatial resolutions beyond this point due to the weak
SNR. As a result, we proceeded our measurements using the high extinction ratio
rectangular filter.
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11573 123
= g
[ —_ -
jan = (&} S
) ) 5
wn <) 4 %
<9 & m =Y
m A
g g
=
g S
= &
0.95 0.95
position [mm] position [mm]

FIGURE 5.8: Measurement of 1 mm piece of DSF using ASE-based
BOCDA technique with a) a Gaussian and b) a rectangular filter.

Figure 5.8(a) represents the measurement of a 1 mm piece of DSF using a Gaus-
sian filter with 1.5 mm spatial resolution. We also provided the same measurement
using a rectangular filter with spatial resolution of 1 mm in figure 5.8(b). The step
size in both measurement are 0.25 mm. As it can be seen in this figure, the 1 mm
DSF can be detected by both filter shape, however, the SNR in the rectangular fil-
ter shape is slightly higher than the one measured with the Gaussian filter. In both
measurements, we averaged over four traces to improve the SNR.
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In addition to the ASE spectral profile, we also investigated the effect of filter
bandwidth on the strength of local SBS responses. Figure 5.9 shows the local SBS
response for three different bandwidth at the same point along the DSF. Here we
used the rectangular filter and changed the bandwidth from 40 GHz to 100 GHz. As
it can be seen in this plot, the amplitude of the local Brillouin gain decreases as the
filter bandwidth increases. It is also evident from this figure that the linewidth of
SBS response increases as the bandwidth of the filter increase. This is due to the
fact that by increasing the ASE bandwidth, we limit the SBS interaction to a shorter
length within the medium and therefore, the amplitude and the linewidth of the SBS
response deteriorate.
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FIGURE 5.9: Normalized local Brillouin gain spectrum for three dif-
ferent ASE bandwidths.

In this chapter,we demonstrated an on-chip SBS measurement on a chalcogenide
rib waveguide. We were able to obtain a map of the local BFS along on-chip waveg-
uides by limiting the SBS interaction length to 800 pm and showed the uniformity of
these waveguides. In the next chapter, we explain how this technique can be used on
a silicon-based platform. We also customize the design of the photonic waveguides
on this new platform to confirm on-chip spatial resolution.
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6 Distributed Brillouin sensing in
customized hybrid waveguides:
record spatial resolution

In the previous chapter, we measured the distributed SBS response of a chalcogenide
waveguide with on-chip spatial resolution of 800 pm. We confirmed the spatial res-
olution by detecting a 1.1 mm piece of DSF spliced in between standard SMF. In
this chapter, we design and fabricate hybrid silicon-chalcogenide waveguides with
controlled longitudinal variations to first demonstrate an on-chip distributed mea-
surement in a silicon-based platform, and second to confirm the on-chip spatial res-
olution using a controlled defect on chip.

In section 6.1, we elaborate on the design considerations of silicon-chalcogenide
waveguides for sensing. Sections 6.2 and 6.3 are published results in ref. [2] and [3],
respectively. Section 6.2 of this chapter demonstrates the detection of a 2 mm longitu-
dinal feature in a hybrid silicon-chalcogenide waveguide, which is the first demon-
stration of on-chip Brillouin sensing on a silicon-based chip. Section 6.3 demon-
strate spatial resolution up to 500 um with detection capability of 200 um, which
was achieved by further optimizing the experimental setup, that is separating the
Rayleigh scattered pump from the amplified probe. In this section, we also provide
more insight toward opto-acoustic interactions in these hybrid waveguides and ex-
plain how SBS response can be used to sense the geometrical variations along the
waveguide. In section 6.4 we provide an analysis on the effect of fabrication toler-
ances on opto-acoustic responses of hybrid waveguides.

6.1 Waveguide design considerations

In order to demonstrate on-chip geometrical variation sensing, we take advantage
of the flexible design and fabrication process enabled by IPKISS design work flow
and EBL technology, respectively. IPKISS is a design framework for integrated pho-
tonic circuits (IPKISS from Luceda photonics). Part of the mask design for the hybrid
structures with variations in width is shown in figure 6.1. The boxes in the middle
of the waveguides show the region with different width compared to the rest of the
waveguide, providing a platform for on-chip sensing.

In the hybrid silicon-chalcogenide platform, light is coupled in and out of the
waveguide through grating couples, which are connected to silicon nanowires. The
silicon nanowires then tapered down over a length of 100 um to a narrow tip of
150 nm. Optical mode enters the chalcogenide waveguide at the end of this tip. One
of the design considerations in these waveguides is, therefore, the smooth transition
of optical mode from the silicon nanowire to the chalcogenide waveguide through
the silicon taper. This adiabatic transition is guaranteed by selecting the taper length
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100 um

FIGURE 6.1: Part of the chalcogenide waveguides mask layout with
the sensing region varying in lengths from 100 pm to 1 mm.

such that ! > ), where [ = 100 um is the taper length and A = 1.55 um is the optical
wavelength.
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FIGURE 6.2

In order to estimate the effect of fabrication tolerances on the performance of the
taper, we performed a 3D Finite Difference Time Domain (FDTD) simulation using
Lumerical software [223]. Figure 6.2 summarizes the result of this simulation. The
hybrid waveguide is shown at the top of this figure with the zoom-in on the silicon
taper. Figure 6.2 (a) shows the ideal case, when the silicon taper is at the center of
the chalcogenide waveguide and its tip width is 150 nm. Figure 6.2 (b) represents
the case when the silicon taper is offset from the center of the chalcogenide waveg-
uide by 200 nm and in figure 6.2 (c) the width of the tip varies from 250 nm to 50 nm.
Figure 6.2 (d) shows the transmission of the first ten optical modes from the silicon
to the chalcogenide waveguide, which is the overlap of the transmission in all three
cases. As it can be seen in this plot, the transmission profiles are almost identical
despite the variations in the position and geometry of the taper, which shows that
the taper design is robust against the fabrication tolerances. It should be noted that
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the variations used for the simulation are slightly higher than the reported fabrica-
tion tolerances from our collaborators. Another point we can infer from the plot in
figure 6.2 (d) is that the majority of the optical power (more than 90 %) is expected
to transfer to the fundamental TE mode of the chalcogenide waveguide and only
less than 10 % of it guided into the second order TE mode. This becomes important
when performing opto-acoustic simulation in section 6.3 of this chapter.

6.2 Publication I: Brillouin spectroscopy of a hybrid silicon-
chalcogenide waveguide with geometrical variations

Atiyeh Zarifi, Birgit Stiller, Moritz Merklein, Yang Liu, Blair Morrison, Alvaro Casas-
Bedoya, Guanghui Ren, Thach G. Nguyen, Khu Vu, Duk-Yong Choi, Arnan Mitchell,
Steven |. Madden, and Benjamin ]. Eggleton, "Brillouin spectroscopy of a hybrid silicon-
chalcogenide waveguide with geometrical variations,” Opt. Lett. 43, 3493-3496 (2018)

Abstract

Recent advances in design and fabrication of photonic-phononic waveguides have
enabled stimulated Brillouin scattering (SBS) in silicon-based platforms, such as
under-etched silicon waveguides and hybrid waveguides. Due to the sophisticated
design and more importantly high sensitivity of the Brillouin resonances to geomet-
rical variations in micro- and nano-scale structures, it is necessary to have access to
the localized opto-acoustic response along those waveguides to monitor their uni-
formity and maximize their interaction strength. In this work, we design and fab-
ricate photonic-phononic waveguides with a deliberate width variation on a hybrid
silicon-chalcogenide photonic chip and confirm the effect of the geometrical varia-
tion on the localized Brillouin response using a distributed Brillouin measurement.

Main body

Stimulated Brillouin scattering (SBS) is an inelastic scattering process in which en-
ergy of the optical pump wave is coupled to a frequency down-shifted Stokes wave
through a moving acoustic wave. SBS enables a range of applications such as mi-
crowave signal processing [35], [216], [244] , microwave signal generation [11], [217],
light storage [23], [82], [245], [246] and sensing [38], [47], [69], [70], [133], [136], [247].
There has been a strong interest to activate SBS-enabled functionalities in silicon
platforms. This is mainly due to the fact that silicon photonics is capable of inte-
grating multiple functions such as modulators and detectors into a single chip using
the same facilities as for microelectronics circuits [166]. However, harnessing SBS
in silicon-based platforms is challenging. This difficulty is mainly attributed to the
acoustic mode leakage in silicon on insulator (SOI) devices which results in a poor
opto-acoustic overlap [42]. Moreover, nonlinear loss caused by two photon absorp-
tion (TPA) and free carrier absorption (FCA) limits the coupled pump power and
hence the nonlinear coupling to acoustic waves [45]. A number of approaches have
been demonstrated to harness SBS in silicon, such as under-etched silicon structures,
which allows for strong opto-acoustic overlap in SOI platforms [44] and suspended
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silicon membranes which allows for independent photonic and phononic design and
therefore significantly lower propagation loss [45].

Recently, the hybrid integration of soft glasses on a silicon-based platform has
been demonstrated, in which SBS interaction takes place in the soft glass while the
coupling into and out of the waveguide is through silicon grating couplers [6]. This
approach takes advantage of a large SBS coefficient and negligible nonlinear loss in
the soft glass (As2.53) while giving access to the rich library of functional silicon de-
vices, which is promising for bringing SBS-functionalities into a silicon integrated
photonic platform. Such novel design requires a characterization system to evaluate
the opto-acoustic interaction at critical design points such as bends and tapers. This
is of critical importance since structural variations along the waveguide results in
Brillouin resonance broadening and reduces the Brillouin scattering efficiency [41].
Therefore, an SBS-based distributed measurement technique with high spatial res-
olution is required to map SBS response against the position in the few-mm long
hybrid waveguides.

Brillouin scattering has been widely employed to study the uniformity and acous-
tic properties of optical fibers and micro-structures. Distributed Brillouin scattering
has been employed to map the excited surface acoustic waves in microfibers [123]
and to study the effect of diameter and micro-structure fluctuations in photonic crys-
tal fibers [48], [139], [236]. In-situ monitoring of a tapered fiber diameter based on
backward Brillouin spectroscopy was reported by [136]. On-chip waveguide char-
acterization was also performed using distributed SBS measurement on a planar
lightwave circuit (PLC) [47] and more recently on a chalcogenide photonic waveg-
uide [1]. Forward Brillouin scattering, also called guided acoustic wave Brillouin
scattering (GAWBS) was used to characterize the diameter of a tapered fiber [52],
[137], [248] and the core diameter of photonic crystal fibers [139].

This work presents a custom-designed photonic waveguide for distributed sens-
ing in order to confirm geometrical variations of the photonic waveguides with a
confirmed spatial resolution. Brillouin optical correlation domain analysis (BOCDA)
technique based on an amplified spontaneous emission (ASE) of an Erbium doped
fiber [1], [113] was employed to characterize the silicon-chalcogenide hybrid waveg-
uide. The hybrid integration approach underpinned by the flexible electron beam
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FIGURE 6.3: Schematic of the BOCDA scheme in a hybrid waveg-
uide. The gray region shows the silicon grating couplers tapers into
the chalcogenide waveguide which is colored in yellow. w; and w;
are 1.9pum and 1.08 um, respectively. The waveguide is scanned by
changing the position of the correlation peak along the waveguide.
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FIGURE 6.4: Schematic of the BOCDA setup. BPF: band pass fil-

ter, PBS: polarization beam splitter, SSB: single side-band modulator,

IM: intensity modulator, LIA: lock-in amplifier, PD: photo-detector,
EDFA: Erbium doped fiber amplifier, DUT: device under test.

lithography (EBL) patterning technique enables us to introduce controlled variations
in the waveguide in order to demonstrate and confirm the spatial resolution and the
sensing capability of the distributed SBS measurement system.

A schematic of the hybrid waveguide is shown in figure 6.3. The design starts
with a SOI platform consisting of silicon grating couplers to couple light into the
standard silicon nanowire (220 x 450nm) which continues for 1 mm. The standard
silicon grating coupler is designed to couple only the fundamental TE mode into the
silicon nanowire. The width of the silicon nanowire is then adiabatically reduced
to a 150 nm before it interfaces with the 690 nm thick chalcogenide (As2S3) region so
that the optical mode can progressively transfers from the silicon to the chalcogenide
waveguide. The silicon-chalcogenide transition is optimized to couple the majority
of the light in to the fundamental TE mode of the wide chalcogenide waveguide and
only less than 10 % of the light is coupled into the higher order TE mode. The chalco-
genide strip waveguide is 1.9 pm wide which is adiabatically reduced to 1.08 ym in
the middle for 2mm. The total length of the chalcogenide waveguide is 6 mm and
the length of the tapers is 15 pm.

Since the Brillouin frequency shift (BFS) is sensitive to the waveguide cross-
section, the variation in the width can be detected by monitoring the BFS along
the waveguide. In the back-scattered SBS process the coupling between the opti-
cal pump and the Stokes waves through the traveling acoustic wave is most efficient
when the three waves are phase-matched. That is, if the propagation constant of the
pump and Stokes waves are k;, and ks, then the propagation constant of the acoustic
wave must be q = k,, — ks [43]. Under this condition, one or more acoustic modes
will exist for a given optical mode, whose overlap with the optical mode creates the
Brillouin gain profile and determines the BFS. The BFS can be estimated by:

_ 2NeffVa
==
where v, is the velocity of each acoustic mode in the medium, n. is the effective
refractive index and A is the pump wavelength. As a result, any change in waveg-
uide geometry affects the effective refractive index and the acoustic mode resonances
[123] and consequently the BFS.

Qp (6.1)
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FIGURE 6.5: a) Schematic of the reference silicon-chalcogenide hy-

brid waveguide with constant width w. b) Integrated SBS response

in 1.08 pm-wide waveguide, and c) in 1.9 pm-wide waveguide. (The

dots show the measured data and the solid blue line shows the
Lorentz fit).

The distributed measurement of SBS responses in the waveguide with 2 mm spa-
tial resolution is enabled by the BOCDA technique [38]. In this method, the pump
and the probe signals are driven from a random noise source (in this case a filtered
ASE source) in such a way that the efficient SBS interaction between the two waves
occurs only at the correlation peak. As illustrated in the schematic in figure 6.3, the
local SBS responses along the waveguide is obtained by moving the position of the
correlation peak. More details about this technique is provided in references [1],
[113].

Unlike the time-dependent techniques, where the spatial resolution is limited by
the pulse width [87], the spatial resolution in this method is mainly limited by the
stochastic nature of the ASE source which limits the signal to noise ratio (SNR) of
the measurement. The spatial resolution in the ASE-based BOCDA measurement
is given by 3V, At, where V} is the group velocity of the optical mode and At is
inversely related to the spectral bandwidth of the pump and the probe.

A schematic of the experimental setup is shown in figure 6.4, where an ASE
source is sent to a band pass filter and after passing through a polarization beam
splitter, is split to the pump and probe signals. In the probe arm, an RF frequency
equal to the BFS is applied to the modulator to implement single side-band carrier
suppressed (SSB-CS) modulation, generating the probe by downshifting the pump.
By sweeping the probe signal using an RF synthesizer, the Brillouin gain spectrum
around the BFS is measured. An intensity modulator in the pump arm is used to
generate 500 ns pump pulses with the period of 10 ps and the peak pump power
of 300mW. The same RF pulse generator that is used in the pump arm, triggers
the lock-in amplifier (LIA) in the detection stage. The use of an LIA in the setup
improves the SNR.

The distributed measurement along the waveguide is performed by changing
the relative delay between the pump and the probe arms using a delay line. The
spectral resolution of the distributed measurements is 4.5 MHz. After collecting the
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FIGURE 6.6: a) BOCDA measurement of the waveguide with 12 mm

spatial resolution. BOCDA measurement with 2mm spatial resolu-

tion in b) w; = 1.9 pm wide region at the left, c) w, = 1.08 um wide

region in the middle, and d) w; = 1.9 um wide region at the right side

of the waveguide. (The dots show the measured data and the solid
blue line shows the Lorentz fit in all the plots).

backscattered signal at port 3 of the circulator, a sharp optical filter is used before
the photo-detector in order to remove the pump back reflection as much as possible.
The average back reflection from the pump is measured to be —18dB. However,
filtering at this stage is challenging since the back-reflected pump and the amplified
probe have a large spectral overlap. Therefore, it is not possible to filter the pump
back reflection without cutting part of the SBS signal.

To confirm the BFS associated with each waveguide geometry, we first measured
the integrated SBS response in two hybrid reference waveguides with 1.08 pm and
1.9 um widths as shown in figure 6.9 (a). The length of each reference waveguide is
6 mm and the width is constant along the waveguide. Figure. 6.9 (b) and (c) show the
integrated SBS response for 1.08 um wide and 1.9 pm wide waveguides, respectively.
As illustrated in figure 6.9, the BFS for the two reference waveguides with different
cross-sections happens at different frequencies as expected from equation (6.1). In
addition, the Brillouin spectrum of the wider reference waveguides consists of two
BFS peaks, while the Brillouin spectrum of the narrower waveguide has only one
BFS. According to the simulation results, this is most likely due to the existence
of multiple acoustic modes who satisfy the phase matching condition in the wider
region of the waveguide and provide large overlaps with the optical mode.

We then changed the device under test to the hybrid waveguide with varying
width and performed an integrated SBS measurement to observe the Brillouin spec-
trum of the entire waveguide. In order to perform this measurement, we set the
spatial resolution of the measurement to twice the length of the waveguide (12 mm)
by setting the ASE bandwidth to 5 GHz. The delay line is adjusted in such a way that
the pump and the probe arms have exactly the same length so that the correlation
peak occurs in the middle of the waveguide and covers the entire structure. figure
6.6(a) illustrates the integrated SBS response of the hybrid waveguide. As seen in
figure 6.6(a), the Brillouin spectrum consists of three BFS at distinct frequencies of
7.60,7.74 and 7.82 GHz.
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A higher spatial resolution is required to individually detect BFS peaks at dif-
ferent positions along the waveguide. Therefore, the ASE bandwidth was set to
30 GHz corresponding to 2 mm spatial resolution in the waveguide. A distributed
measurement was performed by stepping the delay line with 2 mm steps along the
waveguide. The local SBS response at different points of the hybrid waveguide
are plotted in figure 6.6(b) to (d). The Brillouin spectrum at 1.9 pm wide section
consists of two BFS at 7.74 and 7.82 GHz. However, in the middle section with
1.08 ym width only one BFS peak is observed at 7.60 GHz. The Brillouin spectrum
collected from different sections of the waveguide agree with the integrated mea-
surement taken at reference waveguides with similar widths. As seen in figure 6.6(b)
to (d), 800 nm change in the waveguide width results in 140 MHz change in the BFS
for the fundamental mode, in agreement with equation (6.1). However, since the
linewidth of the measurement is in the order of 40 MHz, width variation as small
as 100 nm(corresponding to 20 MHz BFS change) is expected to be detected by this
system. The narrow linewidth of the integrated measurement also confirms the ho-
mogeneity of the reference waveguide along the length. The spatial resolution of the
system is confirmed to be 2mm since the section in the middle is clearly resolved
without detecting the Brillouin response from the other sections of the waveguide.

In conclusion, we reported a distributed SBS measurement based on the BOCDA
technique on a silicon-chalcogenide hybrid waveguide. Spatial resolution of 2 mm
has been demonstrated by resolving a 2mm feature on the waveguide. This mea-
surement is a proof-of-principle for waveguide characterization in a silicon-based
platform with an active SBS gain medium. In addition, this approach provides valu-
able information about geometry-dependent opto-acoustic responses for further de-
sign and fabrication improvement. The spatial resolution of this measurement was
mainly limited by the strong pump back reflection from the grating couplers. Optical
filtering of the pump back reflection was also limited due to the wide spectral over-
lap between the pump back reflection and the amplified probe. Further improve-
ment in spatial resolution is therefore possible by improving the SNR and reducing
the back reflection from the grating couplers in the fabrication process.
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Bedoya, Guanghui Ren, Thach G. Nguyen, Khu Vu, Duk-Yong Choi, Arnan Mitchell,
Steven ]. Madden, and Benjamin |. Eggleton, "On-chip correlation-based Brillouin sensing:
design, experiment and simulation.” |. Opt. Soc. Am. B 36, 146-152 (2019)

Abstract

Wavelength-scale SBS waveguides are enabling novel on-chip functionalities. The
micro- and nano-scale SBS structures and the complexity of the SBS waveguides re-
quire a characterization technique to monitor the local geometry-dependent SBS re-
sponses along the waveguide. In this work, we demonstrate an experimental spatial
resolution of 500 pm, which can detect feature sizes down to 200 pm on a silicon-
chalcogenide photonic waveguide using Brillouin optical correlation domain analy-
sis (BOCDA) technique. We provide extensive simulation and analysis of how mul-
tiple acoustic and optical modes associated with geometrical variations influence the
Brillouin spectrum.

Introduction

Stimulated Brillouin scattering (SBS) is an inelastic scattering process in which a
pump photon interacts with an acoustic phonon and generates a Stokes photon. The
generated photon is down-shifted from the pump frequency by the acoustic reso-
nance frequency and its linewidth is dependent upon the acoustic phonon lifetime
in the medium [10]. The hypersonic (GHz) frequency shift resulting from the SBS
process provides a bridge between electronics and photonics enabling powerful ap-
plications such as pure microwave sources [11], [217] and tunable radio frequency
(RF) filters [17], [18]. The narrow linewidth of the SBS process makes it suitable for
Brillouin-based lasers [6], [32], [33], [80], [81] and frequency comb generation [36],
[37]. Furthermore, the difference between the light and sound velocity enables light
storage applications in photonic waveguides [12], [24], [82]. Finally, since the SBS
frequency shift is an intrinsic characteristic of the medium, SBS has become an ideal
sensing mechanism in optical fiber networks [38], [40], [50], [69], [70], [113], [114],
[149], [161]. Since the SBS response is sensitive to environmental variables such as
temperature and strain, it has been adopted as a distributed sensing mechanism in
long optical fibers to monitor critical structures such as buildings and bridges [38],
[69], [149].

The spatial resolution required in structural health monitoring ranges from a few
meters to a few cm depending on the application [39], [149], which can be achieved
using a distributed SBS measurement such as Brillouin optical time domain analysis
(BOTDA). This approach employs optical pump pulses whose duration determines
the spatial resolution of the SBS response [50]. However, for a pulse duration shorter
than the acoustic lifetime, the SBS spectrum broadens and the gain reduces signif-
icantly [69]. Therefore, this approach is limited by the phonon lifetime in optical
fibers - approximately 10 ns - which translates into 1 m spatial resolution [87]. Sev-
eral methods were proposed to improve the spatial resolution of the time domain
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FIGURE 6.7: Schematic of the test waveguides on the silicon-
chalcogenide hybrid platform. The length of the test area is reduced
from 1mm to 200um. The inset at the top right shows the cross-
section of the hybrid waveguide. The width of the waveguide (w)
varies between 1.90 pm to 1.10 pm along the test waveguide.

technique including dark pulses [97] and Brillouin echo distributed sensing (BEDS)
[39], [48], [92], which improved the spatial resolution to a few cm.

A more recent SBS-based sensing technique, which offers higher spatial resolu-
tion is called Brillouin optical correlation domain analysis (BOCDA). This scheme
relies on the correlation between the cw pump and probe waves [112]. Different
variations of BOCDA include broad-spectrum pump and probe sources based on
frequency modulation [111], [249], random phase modulation [51], [237], filtered
ASE source [113] and chaotic laser [114]. Spatial resolution of a few mm in optical
fiber was reported using this technique [38], [113], which unlike the time domain
technique is not limited by the phonon lifetime [112].

The higher spatial resolution offered by BOCDA opens up the opportunity to
monitor and characterize smaller and more sensitive structures such as micro-fibers
[123] and on-chip photonic waveguides [1]. SBS-response characterization becomes
critical in micro- and nano-scale structures, where the geometrical non-uniformities
along the waveguide result in a broadening of the SBS spectrum [41] and influence
the applications which rely on the narrow-linewidth of the SBS process [6], [17],
[18], [32], [33], [80], [81]. In addition, the SBS response in nano-scale waveguides
is more sensitive to the complex geometrical features such as tapers, bends and on-
chip gratings [234] due to the strong effect of the waveguide boundaries in the sub-
wavelength regime [83], [84]. Therefore, identifying the local SBS responses at these
critical points gives some insight on the geometry-dependent acousto-optic interac-
tions and provides a feedback for the design and fabrication step in order to improve
the quality of the SBS waveguides.

Previous works on the local SBS response characterization in micro-scale waveg-
uides based on BOCDA involve mapping the uniformity of a silica planar lightwave
circuit (PLC) [47] and a photonic crystal fiber (PCF) [48] and excitation and detec-
tion of surface acoustic waves in micro-fibers [123]. Recently, sub-mm spatial resolu-
tion was achieved by employing the BOCDA technique in a chalcogenide photonic
waveguide with an improved signal-to-noise ratio (SNR) compared to the optical
fiber measurements [1]. The chalcogenide waveguide offers a higher SBS gain due
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to the large opto-acoustic overlap, the higher refractive index of the core material
and the smaller nonlinear opto-acoustic effective area compared to optical fibers.
In addition to these advantages, the use of a phase-sensitive detection technique
[112] further improves the spatial resolution and the SNR of the measurement. This
experiment as the first demonstration of the sub-mm BOCDA measurement on a
chip-scale, opened up the opportunity to study the effect of geometrical variation
and design parameters on the overall SBS response of more complex and compact
photonic-phononic waveguides with small feature such as on-chip gratings [234].
However, to monitor such small structures, the spatial resolution has to be in the or-
der of the small waveguide features such as spiral bends, tapers and gratings, which
is the focus of this work.

Following our initial reports, in this paper, we present a set of new measurements
with four-fold improvement in detection capability down to 200 um and a compre-
hensive study of the geometry-dependent opto-acoustic interactions in those struc-
tures. This experiment is demonstrated in a controlled environment in which we
tailor the on-chip sensing geometry to confirm the spatial resolution of the BOCDA
technique. We designed SBS waveguides with width variations along their length
in order to experimentally demonstrate the capability of our distributed SBS mea-
surement system in identifying features which are rather small to be realized by
an integrated SBS measurement. We further verified the experimental results with
numerical calculations to explain the gain spectrum of the local opto-acoustic inter-
actions along the photonic waveguide. This study opens up opportunities to inves-
tigate the local SBS response of more complex structures with very fine features and
is a major step forward to a better understanding of the spatial limit of opto-acoustic
interactions in sub-wavelength regimes.

Waveguide design and fabrication

We designed a hybrid silicon-chalcogenide chip consisting of several waveguides,
each contains a controlled width variation to characterize the local SBS responses
within the waveguides and confirm the spatial resolution. A schematic of the test
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FIGURE 6.8: BOCDA setup based on the ASE of an erbium doped

fiber. BPF: band-pass filter, PBS: Polarisation beam splitter, SSB: sin-

gle side-band modulator, IM: intensity modulator, EDFA: erbium

doped fiber amplifier, DUT: device under test PD: photo detector,
LIA: lock-in amplifier.
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structures on a hybrid platform is shown in figure 6.7 (a). The length of the con-
trolled width varies from 1 mm to 200 pm for different waveguides. A number of ref-
erence waveguides with constant width are also designed to characterize the opto-
acoustic responses at specific waveguide cross-sections. A cross-section view of the
chalcogenide waveguide used in this work is shown in figure 6.7 (b). The hybrid
silicon-chalcogenide waveguide consists of SOI grating couplers to couple the light
into and out of the waveguide. The grating couplers selectively couple the funda-
mental TE mode into the standard single mode silicon nanowire (450 nm x 220 nm).
The silicon nanowires attached to the grating couplers continue for 1 mm before they
taper down to 150 nm wide tips. A layer of 690 nm thick chalcogenide (As2.53) is then
deposited into the area between the two grating couplers covering the silicon tapers
but leaving the grating couplers uncovered. The chalcogenide waveguides with the
length of 6 mm are written using the electron beam lithography (EBL) technique, fol-
lowed by plasma etching and are then covered by a layer of silica cladding to protect
the waveguides and provide optimum acoustic confinement.

Experiment

The local SBS response achieved in this measurement is based on BOCDA using the
amplified spontaneous emission (ASE) of an erbium doped fiber. This technique
was first employed to measure a local hot spot in an optical fiber with 4 mm spa-
tial resolution [113]. In this technique, the polarized ASE source provides a highly
uncorrelated source for the pump and probe waves. The degree of the correlation
between the pump and the probe is controlled by the ASE bandwidth. Increasing
the ASE bandwidth reduces the correlation between the pump and the probe waves
and results in a narrow correlation peak in time. The duration of the correlation
peak determines the spatial resolution of the measurement, which can be approxi-
mated by: 3V, At with V, being the group velocity and At is inversely related to the
ASE bandwidth [113]. As the correlation peak becomes shorter in time, the signal
from the local SBS interaction becomes weaker compared to the background noise
from the spontaneous scattering at all the other points in the medium (outside the
correlation peak). Therefore, the SNR decreases and sets a lower limit on the prac-
tical spatial resolution of the BOCDA measurement technique. In addition, for ASE
bandwidths larger than the Brillouin frequency shift (BFS), the separation between
the back-reflected pump and the amplified probe becomes challenging due to the
large spectral overlap [1]. In our setup, we use AsS3 strip waveguides with high
SBS gain coefficient and a lock-in amplifier (LIA) to improve the SNR and obtain
spatial resolutions beyond the limits achieved in the optical fiber measurement.

A schematic of the experimental setup is presented in figure 6.8. It consists of
the ASE source whose bandwidth is controlled by a tunable band-pass filter (BPF).
It then divides into the counter-propagating pump and probe arms. The probe wave
goes through a single side-band modulation using a dual-parallel Mach-Zehnder
modulator (DPMZM) with a carrier suppression of 20 dB and a side-band suppres-
sion of 15 dB. The pump wave is intensity-modulated with pulse lengths of 500 ns
and a frequency of 100 kHz and is synchronized with the LIA. The light is coupled
in and out of the waveguide using silicon grating couplers with the measured total
back-reflection of —18 dB. A sharp optical filter is added before the photo detector to
remove the pump back-reflection as much as possible before sending the measured
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FIGURE 6.9: a) Integrated SBS response of the test waveguides with
(a) I mm, (b) 500 pm and (c) 200 pm feature size corresponding to the
schematic in figure 6.7. The black arrows indicate the disappearance
of the peak at lower frequency attributed to the narrow waveguide re-
gion from (a) to (c). Integrated SBS response of the reference waveg-
uides with (d) 1.10pum and (e) 1.90 pum width. In all the plots, the
experimental data is shown with blue dots and the Lorentzian fit is
shown with a solid line.

signal to the LIA. The essential part of this experiment is cutting the pump back-
reflection, because by filtering out the pump back-reflection, part of the SBS signal
will also be removed. However, we achieved enough signal even after cutting 90 %
of the response to detect a segment of 200 pm of the waveguide.

In order to identify the SBS response of the entire test waveguides, we first per-
formed an integrated SBS measurement by setting the filter bandwidth to 3 GHz, cor-
responding to 12 mm spatial resolution (twice the length of the waveguide). Figure 6.9
(a)-(c) show the integrated SBS measurement of the test waveguides correspond-
ing to the structures shown in figure 6.7 (a). The waveguide with 1 mm feature size
has three peaks in the Brillouin gain spectrum namely at 7.59 GHz, 7.72 GHz and
7.81 GHz. As the feature size reduces from 1mm to 200 pm, the peak at lower fre-
quency (7.59 GHz) disappears. These measurements show that there is a link be-
tween the lower frequency peak and the narrow-width feature in the middle of the
test waveguides. To further confirm this measurement, we investigate the integrated
SBS response of two reference waveguides with 1.10 pm and 1.90 pm constant width
using a cw laser as the pump and the probe source. The result of these measurements
are plotted in figure 6.9 (d) and (e). As it is shown in these plots, the 1.10 pm-wide
waveguide has a BFS at 7.57 GHz and the 1.90 pm-wide waveguide has a double
peak profile at 7.70 GHz and 7.79 GHz, which is in agreement with the measure-
ments shown in figure 6.9 (a) to (c). The slight offset between the BFS observed in
the two sets of measurements (with 3 GHz ASE bandwidth and the cw laser) is due
to the fact that the center frequency of the two sources were slightly different.

In order to measure the longitudinal feature in the first test waveguide, a dis-
tributed SBS measurement was performed by setting the ASE bandwidth to 60 GHz,
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FIGURE 6.10: BOCDA response of the test waveguide with a) 1 mm
feature size and 1 mm spatial resolution, b) 500 pm feature size and
750 pm spatial resolution and c) 200 pm feature size and 750 pm spa-
tial resolution. The approximate location of the narrow-width region
is shown in red color along the position axis. The blue and red arrows
along the BFS axis indicate the BFS in the wide and narrow waveg-
uide regions, respectively. The vertical axis in all plots shows the nor-
malized amplitude (Norm.Amp.).
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FIGURE 6.11: Normalized power of the Brillouin spectrum at differ-

ent positions along the waveguide with feature size and step size of

a) 1mm and 500 pm, b) 500 pm and 250 pm, ¢) 200 pm and 200 pm,
respectively.

corresponding to 1 mm spatial resolution in the waveguide. The delay line is set
such that the optical length of the pump and the probe arms are equal and then by
stepping the delay line with 500 pm steps, the waveguide with 1 mm feature size
was scanned. The result of this measurement is shown in figure 6.10 (a), where the
BES peak at 7.59 GHz appears at position 3.5 mm and disappears at 4.5 mm. Outside
this region, the Brillouin gain spectrum mainly shows two peaks at 7.72 GHz and
7.81 GHz which indicates that the correlation peak is scanning the wider section of
the waveguide. The ASE bandwidth is then increased to 80 GHz, corresponding to
a spatial resolution of 750 pm to detect the 500 pm feature in the second test waveg-
uide with step sizes of 250 um, as presented in figure 6.10 (b). As it is seen in this
plot, the BFS peak at 7.59 GHz appears at position 3.75 mm and disappears at posi-
tion 4.25mm. Lastly, the waveguide with 200 um feature was measured using the
same ASE bandwidth (80 GHz), however the step size is now reduced to 200 pm.
This measurement is shown in figure 6.10 (c), where the 7.59 GHz peak appears be-
tween the positions 3.8 mm and 4.2 mm and has the highest amplitude at position
4.0mm. As it is seen in this figure, the quality of the detected local signals deteri-
orates in the last measurement due to the lower spatial resolution compared to the
feature size and also the lower SNR. Some residual of the 7.59 GHz peak could be
observed in traces away from the feature, which is due to the weak SNR and the
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FIGURE 6.12: (a) Schematic of the chalcogenide waveguide cross-
section and its dispersion plot, showing the guided optical modes at
the two waveguide widths of 1.10 um and 1.90 pm. (b) Optical mode
transition from the silicon taper (plate 1) to the chalcogenide waveg-
uide (plate 2). Bottom: Transmitted optical power from the silicon
nanowire to the chalcogenide waveguide through the silicon taper.
90 % of the optical power is transmitted to the fundamental TE mode
and less than 10 % of the power is in the T'E; mode.

fact that the signal level is now close to the background noise from the spontaneous
Brillouin scattering which happens outside the correlation peak.

In addition, in figure 6.10 (a) and (b), the intensity of the local SBS response at the
narrow region waveguide is higher compared to the wide region. This is due to the
fact that the SBS gain coefficient per unit length defined as j—fﬁ, with gp being the
SBS gain coefficient, is inversely related to the waveguide’s effective opto-acoustic
interaction area A.¢. Therefore, the SBS gain in the narrower waveguide with ap-
proximately four times smaller cross-section, is expected to be stronger than in the
wider waveguide. This is confirmed by the normalized Brillouin gain spectrum ob-
tained from the experiment and shown in figure 6.10 (a) to (c), where the peak am-
plitudes at frequencies 7.72 GHz and 7.81 GHz are approximately 25 % less than the
peak amplitude at frequency 7.59 GHz.

Figure 6.11 (a)-(c) provides the BFS vs position for three distributed measure-
ments. As it can be seen in this figure, an experimental spatial resolution of 500 pm
is clearly achieved. However, when moving to 200 um feature size (figure 6.11 (c)),
the measurement becomes noisy and the feature is observed over three traces. In
addition, in figure 6.11 (c) the amplitude of the SBS response in the 200 pm narrow
region is now comparable to that from the wider region, which indicates that the SBS
interaction within the 200 pm region is very weak. Therefore, the last measurement
can be used to locate the 200 pm feature, but it does not resolve this feature.

Simulation and analysis

The dependency of the BFS (£25) on material properties and effective refractive index
can be approximated by equation 6.2.

_ 2netfVa

Q
B )\p )

6.2)
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where ne is the effective refractive index, V;, is the acoustic mode velocity and A, is
the pump wavelength. This relation is valid under the assumption that the waveg-
uide dimensions are much larger than the acoustic wavelength (w, h > %) [42],
where w and h stand for the waveguide width and thickness, respectively and (2
is the acoustic angular frequency. This assumption is correct for the optical fibers,
however for the sub-wavelength and wavelength-scale waveguides the medium can
no longer considered isotropic and the optical field will have components in the
direction of propagation which will affect the effective refractive index term [42].
Furthermore, it was demonstrated that in nano-structures other forces such as radi-
ation pressure influence the acoustic mode excitation [250]. In order to include all
these effects in our study, we performed a fully vectorial analysis to calculate the
BFS in the chalcogenide structures following the approach presented in [84]. How-
ever, for our hybrid chalcogenide structures the effect of radiation pressure on the
backward SBS gain turns out to be negligible, which is confirmed through numerical
calculations. Different waveguide cross-sections accommodate different optical and
acoustic modes and therefore the effective opto-acoustic overlap is different from
one waveguide geometry to the other. The change in the waveguide cross-section,
therefore, manifests in the Brillouin gain spectrum and shifts the BFS, which is what
we measure in this experiment.

The chalcogenide waveguide with cross-sections shown in the inset of figure 6.7
(b) supports multiple optical modes as well as acoustic modes. Therefore, careful de-
sign considerations are required in order to precisely excite the correct optical mode
and comprehensive analysis needs to be done in order to identify the acoustic modes
involved in the SBS interaction. The dispersion plot of the chalcogenide waveguide
is shown in figure 6.12 (a). The single mode operation of the chalcogenide waveg-
uide is achieved via the adiabatic silicon taper. The silicon tapers are long enough
(100 pm) to guarantee a smooth optical mode transition from the silicon nanowire to
the chalcogenide waveguide [235]. The fundamental TE mode transition through the
adiabatic taper is simulated using a commercial-grade simulator based on the finite-
difference time-domain method [223], presented in figure 6.12 (b). As presented in
this figure, the majority of the optical power is coupled into the fundamental TE
mode of the chalcogenide waveguide and less than 10 % of the power is transmitted
into the higher order TE mode. Therefore, although the waveguide could support
multiple optical modes, the silicon tapers were designed to selectively excites only
the fundamental TE mode.

The opto-acoustic response is calculated using COMSOL Multiphysics software
[251] after ref.[84]. We calculated the overlap between the fundamental optical TE
mode with the acoustic modes present in the frequency span between 7.50 GHz and
7.90 GHz and reconstructed the Lorentzian Brillouin gain spectrum based on the
strength of the opto-acoustic overlap within this spectrum. The simulated normal-
ized Brillouin gain spectrum for the two reference waveguide geometries are shown
in figure 6.13. Fabrication variations in thickness and width of 7% were allowed in
this calculation using a corner analysis [166] to find a reasonable match between the
simulation and the experiment. The simulation plots shown in figure 6.13 (b) and (c)
represent waveguides with the simulation thickness () of 707 nm and the sim-
ulation widths (wgi,) of 1.02um and 1.75 um, respectively. The material properties
including stiffness tensor coefficients, density and photoelastic tensor coefficients for
this simulation were set after Ref. [252]. Comparing figure 6.13 (b)-(c) with the ex-
perimental result shown in figure 6.9 (d)-(e), we find a good agreement between the
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experiment and the simulation. This confirms that the shift in the peak of the Bril-
louin spectrum profile is an effect of the waveguide geometry and the double peak
profile observed in the wider waveguide is a result of the existence of two or more
higher order acoustic modes which have strong overlap with the optical fundamen-
tal TE mode in the vicinity of the BFS.

Discussion

By comparing figure 6.9 (d) and (e) with figure 6.13 (b) and (c), a good agreement be-
tween the measured integrated SBS response and the simulation is observed. How-
ever, an additional BFS peak at 7.90 GHz is observed in the simulation but not cap-
tured in the experiment. This is most likely due to the fact that the SNR of the
measurement was not high enough to detect the rather weak SBS response which is
generated by some higher order acoustic modes.

When simulating the optical mode transition from the silicon nanowire to the
chalcogenide waveguide, we considered up to 50 nm vertical offset of the taper tip
from the center of the chalcogenide waveguide as well as 20 % variations of the ta-
per width in order to include the effect of fabrication variations. The effect of the
taper misalignment and taper tip width variation on the optical mode transition
were negligible and the optical mode transition profiles overlap very closely with
the plot shown in figure6.12 (b), therefore they are not plotted here. In addition,
as it is plotted in figure 6.12 (b), approximately 10 % of the transmitted power from
the silicon nanowire is coupled into the TE; mode of the 1.90 um-wide chalcogenide
waveguide, which could be considered as the origin of the second peak appeared
at the lower frequency in the Brillouin gain spectrum. We examined this possibil-
ity by calculating the opto-acoustic overlap between the TE; mode and the acoustic
modes in the waveguide and found out that the frequency splitting between the two
peaks in this case is at least 200 MHz, which does not match the experiment. We
further studied the contribution of the TMy mode in the opto-acoustic overlap to in-
vestigate the possibility of mode coupling within the waveguide. The opto-acoustic
overlap between the TMy mode and the acoustic modes of the waveguide resulted
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in a frequency splitting of 180 MHz, which is larger than what we observed in the
experiment.

Finally, as it was mentioned earlier, the limiting factor in this experiment was the
wide overlap between the back-reflected pump and the amplified probe. Improv-
ing fabrication techniques such as the use of tilted grating couplers [253] with very
low back reflection can improve the SNR and allows for higher spatial resolution
measurement.

Conclusion

In this work, we reported four-fold improvement in detection capability of BOCDA
measurement compared to previous works [2]. In addition, we performed numerical
simulation to explain the interaction between the optical and acoustic modes at dif-
ferent waveguide cross-sections. This setup provides a platform to test and measure
local opto-acoustic responses within the micro- and nano-wires with sub-mm feature
size. Moreover, by further increasing the spatial resolution, this technique could pro-
vide valuable information regarding the spatial limits of the nonlinear opto-acoustic
interaction within the medium.

6.4 Additional analysis

Fabrication tolerances

In addition to the results reported in the publications, we present an analysis on the
sensitivity of the acoustic mode and opto-acoustic responses to geometry variations
in this section. We use corner analysis [166] introduced in chapter 5 to investigate
the effect of waveguide width and thickness variations on the overall opto-acoustic
response and find the geometry which results in a Brillouin gain spectrum similar
to the one we observed in the experiment. We perform the corner analysis in two
steps. First, we consider 5 % variations in width and thickness from the nominal de-
sign value as shown in figure 6.14. In this figure the highlighted area shows the set
of geometries in which the Brillouin gain spectrum closely matches the experimen-
tal result. In order to find a more accurate geometry, we take the highlighted region
as new corners and perform a second corner analysis within this area as shown in
figure 6.15. The highlighted geometry in this figure is the one that matches the best
the experiment. In this region, by fine tuning the width and thickness, we found
the optimum values for the thickness and width as 707 nm and 1.75 pm, respectively,
which is represented in figure 6.13 (c). For the narrow waveguide region, we as-
sumed the same thickness as the wide waveguide and the width is scaled down
compared to the nominal value with the same ratio as the one we obtained for the
wide waveguide. This results in the waveguide thickness and width of 707 nm and
1.02 pm, respectively. The simulation result using these values are shown in figure
6.13 (b).

An important conclusion from this simulation is that the acoustic modes are
highly sensitive to the geometry of the hybrid waveguide; since the optical mode is
kept constant, the change in the opto-acoustic response should be due to the change
in the acoustic modes. Figure 6.16 shows the acoustic modes with resonances that
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matches to those of Brillouin spectrum peaks. In performing this simulation, the op-
tical mode is set to the fundamental TE mode, because as we mentioned in section
6.1 it is the dominant optical mode in the chalcogenide waveguide.
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responding to the Brillouin spectrum peaks at each waveguide.
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Effect of dispersion on Brillouin frequency shift

In this paragraph, we provide an analysis on the effect of dispersion on the Brillouin
response. Since we use broad-spectrum signals (up to 80 GHz) to generate local SBS
interaction in the waveguide, the role of dispersion over such wide bandwidth be-
comes important. The change in BFS as a result of dispersion is studied by taking
into the account the material dispersion of As,S3 (real dispersion data obtained from
the fabrication stage) and plugging it into the derivative of equation 6.2 as follows:

2V, ,dnas,s,

A = TR — nnss,) 63)

where %%SS* is the material dispersion. From this equation we obtain BFS sensitiv-
ity of 5 MHz/nm, which results in 7.6 MHz BFS change for an 80 GHz spectrum. This
effect results in Brillouin linewidth broadening as we observed in our experiments;
for example, in figure 6.9 (d), for an ASE spectrum of 3 GHz, Brillouin linewidth
is measured to be 36 MHz. However, for an ASE spectrum of 60 GHz, the Brillouin
linewidth is 56 MHz, as shown in figure 6.10 (a). The Brillouin linewidth in both cases
are estimated by a Lorentzian profile. It should be noted that for measurements
with spectrum as broad as 60 GHz or larger, SBS occurs over a very short length,
and therefore SBS gain is weak, which itself leads to Brillouin linewidth broadening.
This explains the additional Brillouin spectrum broadening that we observe in our
experimental results.
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7 Summary and Outlook

In this thesis, we looked at distributed Brillouin sensing from a different perspec-
tive. In contrast to most of the work in this area which deal with optical fibers -
as the most fundamental platform for long-range optical distributed sensing - we
tailored a particular distributed sensing technique (BOCDA) to monitor and charac-
terize on-chip photonic waveguides with very high spatial resolution. Our main mo-
tivation comes from a fundamental curiosity that we share with any other research
group who deal with on-chip Brillouin experiments; how is Brillouin gain spectrum
in photonic waveguides affected by either design parameters or fabrication incon-
sistencies. Even though the answer to this question could be approximately given
by performing simulations such as corner analysis as described in chapter 6, we pre-
sented a definitive answer to this question by performing a local SBS measurement
of an on-chip photonic waveguide.

As explained throughout this thesis, geometrical variations along waveguides
lead to Brillouin spectral broadening, which in turns affects the quality of the on-chip
SBS functionalities. This is of particular importance in the context of photonic inte-
gration, where some of the critical integrated on-chip functionalities such as lasers,
signal processing and storage devices are relying on the quality of SBS response. The
majority of this thesis is focused on designing and examining the local SBS response
of silicon-chalcogenide waveguides. These demonstrations serve as examples for
characterizing any on-chip waveguides that exhibit backward Brillouin scattering.

In chapter 2, we provided an overview of the field of distributed Brillouin sens-
ing. It was shown that distributed Brillouin measurement was originally devel-
oped to serve as a distributed temperature and strain sensor and then gradually
evolved in terms of spatial resolution and sensitivity to detect these effects in much
shorter lengths with higher sensitivity. This advancement enabled new functional-
ities such as monitoring the uniformity of a piece of PCF [48] or even silica planar
waveguides [47]. We particularly studied Brillouin sensing in micro-scale structures
namely micro-fibers, PCFs and on-chip photonic waveguides which set the scene
for our contribution: high spatial resolution distributed Brillouin sensing in on-chip
waveguides.

In chapter 3, we introduced the mathematical approach necessary to understand
and carry out the nonlinear photonic experiments in this work. The first part of
this chapter dealt with SPM and TPA, which are used to determine the efficiency of
the hybrid silicon-chalcogenide waveguide in terms of third-order nonlinearity. The
second part of this chapter explained SBS effect, which is essential for understanding
the Brillouin sensing mechanism.

Chapter 4 presented the experimental work toward characterizing the silicon-
chalcogenide waveguide against a standard silicon waveguide in terms of nonlinear
loss. The experiment in this chapter showed that even though silicon nanowires ex-
hibit a larger Kerr nonlinearity measured by SPM, the silicon-chalcogenide waveg-
uide is advantages because of its negligible nonlinear loss. It was also explained
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that introducing chalcogenide into a SOI structure enables SBS in a silicon-based
waveguide due to chalcogenide high Brillouin gain coefficient. We then experimen-
tally demonstrated that the hybrid waveguide can exhibit Brillouin gain of 18 dB
by modifying the structure in such a way that both optical and acoustic modes can
be confined within the waveguide. Therefore, in this chapter we presented a) a sig-
nificant improvement in nonlinear loss, and b) a large SBS gain in the hybrid silicon-
chalcogenide waveguide.

Chapter 5 dealt with the on-chip distributed SBS measurement on a chalcogenide
waveguide. In this chapter, we explained the principle of BOCDA technique. We
showed how the combination of having a high SBS gain medium and an improved
detection technique led to the first sub-mm spatial resolution Brillouin measure-
ment. The spatial resolution in this chapter was confirmed by detecting a 1.1 mm
piece of DSF spliced in between two SMF.

In chapter 6, we took advantage of the flexible design process of the hybrid
silicon-chalcogenide waveguide to create controlled defects in on-chip waveguides
and systematically examine the spatial resolution. In addition to providing a sens-
ing platform, this study aimed to demonstrate on-chip sensing on a silicon-based
platform for the first time. The first part of this chapter reported a proof-of-principle
experiment where a 2 mm feature size was successfully detected in the hybrid plat-
form. The second part of this chapter provided a deeper understanding of the nature
of optical and acoustic modes interaction in the hybrid waveguide as well as an im-
provement in the spatial resolution down to 500 pm.

For the hybrid silicon-chalcogenide waveguide, one possible future direction
is to take advantage of the slot waveguide nonlinearity. Since the effective mode
area in this case is very small, the enhancement in nonlinearity is expected to be
higher than the cover nonlinearity. A theoretical work on the silicon-chalcogenide
slot waveguide is presented in [254]. In this work the waveguide geometry, i.e. slot
and rail widths and height, are optimized for maximum SBS interaction. In the opti-
mum condition, SBS gain per unit area (gp/Ac) is predicted to be 3300 ﬁ, which
is 4.5 times larger than the value we reported for the hybrid waveguide with cover
nonlinearity in chapter 3. Therefore, if fabricated with enough precision, silicon-
chalcogenide slot waveguide is a promising solution to further increasing SBS gain
in a silicon-based platform.

In the on-chip distributed sensing experiment, there are several factors that could
improve the SNR and consequently the spatial resolution of the system. The spec-
tral profile of the pump and probe waves can be chosen to be Gaussian instead of
rectangular. As explained in chapter 5, the auto-correlation function of a Gaussian
spectrum is also Gaussian and since this profile does not have any additional side
lobes, it provides perfect suppression of SBS response elsewhere except for the cor-
relation peak position in the waveguide. This will reduce the noise that is picked up
by the unwanted side-lobes in the sinc correlation profile that we use in the current
work. As mentioned in chapter 5, we attempted to use a Gaussian profile, however,
there was a trade-off between the profile shape and the extinction ratio of the filter,
which made us decide to select the rectangular shape but with a higher extinction
ratio.

Another factor that could improve the SNR and therefore the spatial resolution
of the measurement is to reduce the pump back-reflection caused by the waveg-
uide facets. In the chalcogenide waveguide, we use lens coupling to couple light in
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and out of the waveguide. This means that the light is injected into the waveg-
uide perpendicular to the waveguide facets. In this case, to minimize the back-
reflection, anti-reflection coatings were added during the fabrication process. In
the hybrid silicon-chalcogenide waveguide, grating couplers were used for coupling
light in and out of the waveguide. In this case, one possible approach to reduce the
back-reflection from the grating coupler is to use tilted grating couplers [253] with
—40dB back-reflection as opposed to —18 dB back-reflection that we measured in
our waveguide.

A third point to improve the performance of BOCDA setup is to use an even
sharper filter at the detection stage for selecting the amplified probe which is widely
overlapped with the back-reflected pump, especially for high spatial resolution mea-
surements. The filter we use in our experiment is capable of selecting down to
10 GHz spectrum before its rectangular profile deteriorates, however an even sharper
filter in this case would improve the SNR.

The on-chip distributed Brillouin measurement can bring some benefits to the
field of silicon photonic integration. Combined with the advancement in distributed
forward Brillouin scattering reported by [134] and [132], BOCDA technique might
be utilized to enable high spatial resolution measurement in silicon waveguides. In
addition, apart from scanning the waveguide, the high spatial resolution offered by
this technique can be used to detect hot spots at critical points on active silicon chips,
where certain functionalities such as switching are activated by heat.
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A Appendix A

%IHIS IS THE FINAL CODE FOR FOM CALCULATION OF HYBRID 150X220 SILICON—
CHALCOGENIDE

YS/NANOWIRE BASED ON AFSHAR’S METHOD- DEVELOPED BY ATIYEH ZARIFI, DECEMBER
ZJlS()/OOOOOOOOOUOOO

clc; clear all; close all;
load ("hybrid_150nm.mat”"); % simulation output from Lumerical

%o VSISISISISISISISlo Selemier model for As2S3  %/858/8/5)5)o

% lambda_0=1550e —3;

% lambda = (1500:1:1600) =le—3;

% Bl= 4.68 %1.8983;

% Cl= 2.64 %0.0225;

% % B2=1.922979;

% % C2=0.0225;

% % B3=0.8765;

% % C3=0.1225;

% % B4=0.11887;

% % C4=0.2025;

% % B5=0.95699;

% % C5=750;

% ep = 1;

% Y%n=sqrt( ep + (Bl .+ lambda.”2) ./ (lambda.”2 — C1) + (B2 . lambda.”2)
./ (lambda.”2 — C2) + (B3 .%# lambda.”2) ./ (lambda.”2 — C3)+ (B4 .=
lambda.”2) ./ (lambda.”2 — C4)+ (B5 .x lambda.”2) ./ (lambda.”2 — C5));

% n

% n_sqr= ep + (Bl .+ lambda.”2) ./ (lambda.”2 — C1) %+ (B2 .+ lambda.”2)
./ (lambda.”2 — C2) + (B3 . lambda.”2) ./ (lambda.”2 — C3)+ (B4 .=
lambda.”2) ./ (lambda.”2 — C4)+ (B5 . lambda.”2) ./ (lambda.”2 — C5);

% dndl = (n_sqr(3:end)—n_sqr(l:end—2)) ./ (lambda(3:end)—lambda(1l:end—-2));

% dn2dl = (n(3:end)-n(l:end—2)) ./ (lambda(3:end)—lambda(l:end-2));

% ng = n(2:end—1) — lambda(2:end—1).*dn2dl

% dispersion_chalc=(n_sqr(51))—(lambda_0/2)*dndl(51)

% n_chalc=sqrt(n_sqr(51));

%% chalc dispersion from sample data %%

lambda=xlsread ( 'CG_As2S3Cut.csv ', Al: A1644 ") ;

lambda=lambdax1le—9;

n=xlsread ('CG_As2S3Cut.csv’, 'B1:B1644");

n_sqr=n.”"2;

lambda_0=1550e —9;

dndl = (n_sqr(3:end)-n_sqr(l:end—2)) ./ (lambda(3:end)—lambda(1:end—-2));
dispersion_chalc=(n_sqr(1579))—(lambda_0/2)+dndl(1579)
n_chalc=sqrt(n_sqr(1579));

%plot (lambda,n)

W11 Selemier model for SiO2(from "silicon photonics design" by Lukas
Chrostowski) %%
lambda_0=1550e —3;
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lambda = (1500:1:1600) =le—3;

B1=0.69;

C1=0.0684;

B2=0.408;

C2=0.116;

B3=0.897;

C3=9.89;

ep = 1;

n=sqrt( ep + (Bl .x lambda.”2) ./ (lambda.”2
./ (lambda.”2 — C272)+ (B3 .* lambda.”2)

— C172) + (B2 .+ lambda.”2)

./ (lambda.”2 — C372));

n_sqr=( ep + (Bl . lambda.”2) ./ (lambda.”2 — C172) + (B2 .x lambda.”2)

./ (lambda.”2 — C272)+
dndl = (n_sqr(3:end)-n_sqr(l:end—-2)) ./
ng = n(2:end—1) — lambda(2:end—1).+dndl

(B3 .* lambda.”2)

./ (lambda.”2 — C372));

(lambda (3:end)—lambda (1:end—2)) ;

dispersion_sio2=(n_sqr(51))—(lambda_0/2)*dndl(51) % n_si from Selemier

n_sio2=sqrt(n_sqr(51));

%180 silicon LORENTZ FIT 9%/
lambda = (1200:1:1600) =1e-—-9;
lambda_0=1550e —9;
c=3e8;
epsilon=7.98737492;
epsilon_L=3.6880;
w0=3.93282466¢e15;
delta=1e8;
%delta=0;

% Permitivity

% Lorentz linewidth
% Lorentz resonance
%Lorentz permitivity
%Lorentz permitivity

n=sqrt( epsilon + ( epsilon_.L = w0*2 ) ./ ( wO~2 — (2xixdelta*2=pixc./

lambda) — (2*pixc./lambda).?2 ));

n_sqr= epsilon + ( epsilon_L = w02 ) ./ ( w0"2 — (2+ixdeltax2xpixc./

lambda) — (2*pixc./lambda)."2 );
%n_real=real (n_sqr);

dndl = ((n_sqr(3:end))—(n_sqr(l:end—-2))) ./ (lambda(3:end)—lambda (1:end—-2)

)
% line of best fit for dndl
% p = polyfit(lambda(2:end—1),dndl,1)
% f = polyval(p,lambda(2:end—1));
% hold on
% plot(lambda(2:end—-1),f,’——1")
% plot(lambda(2:end—1),dndl,”——g’, ’LineWidth

’ /2)

dispersion_si= n_sqr(351)—(lambda_0/2)+dndl(351)

n_si=(n(351));
% hold on
% plot(lambda,imag(n))

%8181l PARAMETERS 98/8/8/8/8)o

n2_si=[6.7e—18 (6.7+0.6)*1e—18 (6.1)x1le—18];
Btpa_si=1.03e—11;

n2_chalc=2.9e—-18;

Btpa_chalc=6.2e—-15;

n2_sio2=2.6e—20;

Btpa_sio2=0;

%n_air=1;

epsilon_0=8.85e—12;

pi=3.14;

c=3e8;
lambda_0=1550e —9;
x=E_manual.x;
y=E_manual.y;

% get simulation geometry from simulation
% get simulation geometry from simulation
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E=E_manual .E; % get Electric field matrix from simulation
H=H_manual .H; % get magnetic field matrix from simulation
VS/S/Vo Defining non—linear interaction regions  %/5/%

Ex=interp2 (Ex,2);
Ey=interp2 (Ey,2);
Ez=interp2(Ez,2);
Hx=interp2 (Hx,2) ;
Hy=interp2 (Hy,2) ;
Hz=interp2 (Hz,2) ;

x=linspace (x(1) ,x(length(x)) ,6 length (Ex));
y=linspace (y(1) ,y(length(y)),length(Ex(1,:)));

dX=(X(1 /2)_X(1 /1))/
dy=(y(1,2)-y(1,1));

xx=find (abs (x) <=0.075e—6);
yy=find (0 <=y & y <= 0.22e-6);
yyl=find (0.22e—6 <= y & y <= 0.7e—6);

Ex_1=Ex(1:xx(1)+2,yy(1) :yyl(length(yyl)));

Ex_2=Ex(xx (1) :xx(length(xx)),yyl(1l):yyl(length(yyl))); % Cover
nonlineraity

Ex_4=Ex(xx (1) :xx(length (xx)) ,yy(1) :yy(length(yy))); % Core
nonlinearity

Ex_3=Ex(xx(length (xx)) —2:length (x) ,yy(1) :yyl(length(yyl)));

Ex_5=Ex(1:length(x) ,1:yy(1));

Ey_1=Ey(1:xx(1)+2,yy(1):yyl(length(yyl)));

Ey_2=Ey(xx(1) :xx(length(xx)) ,yyl(1):yyl(length(yyl))); S%cover
nonlineraity

Ey_4=Ey(xx (1) :xx(length(xx)) ,yy(1) :yy(length(yy))); % core
nonlinearity

Ey_3=Ey(xx(length (xx))—2:length (x) ,yy(1) :yyl(length(yyl)));

Ey_5=Ex(1:length(x) ,1:yy(1));

Ez_1=Ez(1:xx(1)+2,yy (1) :yyl(length(yyl)));

Ez_2=Ez(xx (1) :xx(length(xx)) ,yyl(1) :yyl(length(yyl))); %cover
nonlineraity

Ez_4=Ez(xx (1) :xx(length (xx)),yy (1) :yy(length(yy))); %core nonlinearity

Ez_3=Ez(xx(length (xx)) —2:length (x) ,yy(1) :yyl(length(yyl)));

Ez_5=Ex(1l:length(x) ,1:yy(1));

988185k RESHAPING THE E_FIELDS Y/S181SVo

E11 = horzcat(Ex_1,Ey_1,Ez_1);
E22 = horzcat(Ex_2,Ey_2,Ez_2);
E33 = horzcat(Ex_3,Ey_3,Ez_3);
E44 = horzcat(Ex_4,Ey_4,Ez_4);
E55 = horzcat(Ex_5,Ey_5,Ez_5);

%Werk Defining norm for each region %%

Norm_E=abs (Ex).~2+abs (Ey)."2+abs (Ez) ."2; % total E_filed
normalization
Norm_El=abs (Ex_1).72+abs(Ey_1)."2+abs(Ez_1) .72; % E_filed

normalization for Al
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Norm_E2=abs (Ex_2).72+abs(Ey_2)."2+abs(Ez_2) .72;
normalization for A2

Norm_E3=abs (Ex_3)."2+abs(Ey_3)."2+abs(Ez_3) .72;
normalization for A3

Norm_E4=abs (Ex_4)."2+abs(Ey_4)."2+abs(Ez_4) ."2;
normalization for A4 —core

Norm_E5=abs (Ex_5) .*2+abs(Ey_5)."2+abs(Ez_5) .~2;
normalization for A4 —core

%8815/818l0 GROUP VELOCITY %8/5/8/8/8/8)S/o
W=real (Ex.* conj (Hy)—Ey.* conj (Hx)) % z—component

H fields
W_1=(sum (sum (W) ) xdx=dy) ;

% E_filed
% E_filed
% E_filed

% E_filed

of cross product of E and

W_21= (epsilon_0)s*sum(sum(dispersion_si=(Norm_E4)))=+dx=dy;
W_22= (epsilon_0)+sum(sum(dispersion_chalc*(Norm_E1)))*dx=dy;
W_23= (epsilon_0)+sum(sum(dispersion_chalc*(Norm_E2)))+dx=dy;
W_24= (epsilon_0)*sum(sum(dispersion_chalc*(Norm_E3)))*dx=dy;
W_25= (epsilon_0)+sum(sum(dispersion_sio2 *(Norm_E3)))+dx=+dy;

k1=W_21/W_1;
k2=W_22/W_1;
k3=W_23/W_1;
k4=W_24/W_1;
k5=W_25/W_1;

vg_inv=(k1+k2+k3+k4+k5) ;
vg=1/vg_inv

Wl plots Ykl

% figure (1)

% zmin = floor (min(Ex(:)));

% zmax = ceil (max(real (Ex(:))));
% zinc = (zmax — zmin) / 20;

% zlevs = zmin: zinc :zmax;

% contourf(abs(Ex") ,zlevs)

figure (2)

title ("E_field Intensity”);
zmin = floor (min(Norm_E(:)));
zmax ceil (max(Norm_E(:)));
zinc = (zmax — zmin) / 20;
zlevs = zmin: zinc :zmax;
contourf (abs(Norm_E) ', zlevs)

% figure (3)
% title ("E_field Intensity ’);
% zmin = floor (min(Norm_E3(:)

));
ceil (max(Norm_E3(:)));

% zmax =

% zinc = (zmax — zmin) / 20;

% zlevs = zmin: zinc:zmax;

% contourf (abs(Norm_E3) ", zlevs)
%

% figure (4)

% title ("E_field Intensity ') ;

% zmin = floor (min(Norm_E5(:)));
% zmax = ceil (max(Norm_E5(:)));
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% zinc = (zmax — zmin) / 20;
% zlevs = zmin: zinc :zmax;
% contourf (abs(Norm_E5) ', zlevs)

Sl effective err nonlineari 6/0)o
%8/ ffect K 1 ty %)

N4= (sum(sum(dispersion_si*(n2_si(3)—ix*(Btpa_si*lambda_0/(4xpi))) *(Norm_E4
).72))) dxsdy;

N3= (sum(sum(dispersion_chalc*(n2_chalc—i=+(Btpa_chalcxlambda_0/(4*pi))) =(
Norm_E3) .72)) ) +dx=dy;

N2= (sum(sum(dispersion_chalc*(n2_chalc—i=*(Btpa_chalcxlambda_0/(4*pi))) =(
Norm_E2) .72)) ) «dx=dy;

Nl= (sum(sum(dispersion_chalc*(n2_chalc—i*(Btpa_chalcxlambda_0/(4x*pi))) *(
Norm_E1) .72)) ) «dxxdy;

N5= (sum(sum(dispersion_chalc*(n2_sio2—i+(Btpa_sio2=+lambda_0/(4+pi))) =(
Norm_E5) .72)) ) +dx=dy;

N=(n_chalc) A2+(N1+N2+N3+N4+N5) ;

Dl= sum(sum ((dispersion_si”"2)+Norm_E4.72))xdx=dy;

D2= sum(sum((dispersion_chalc”2)*Norm_E1.72))=+dx=dy;
D3= sum(sum ((dispersion_chalc”"2)+Norm_E2.72) ) xdx=dy;
D4= sum(sum((dispersion_chalc”2)*Norm_E3.72))*dx=dy;
D5= sum(sum((dispersion_sio2”2)*Norm_E5.72))+dx=dy;

n2_eff_inv= D1/N+D2/N+D3/N+D4/N+D5/N;
n2_eff=(1/n2_eff_inv)
Btpa_eff=imag(n2_eff)+4xpi/lambda_0

US/S/S)S)o Aeff %8/8/8)S)o

Nl= sum(sum((dispersion_chalc)*(Norm_E1)))=+dx=*dy;
N2= sum(sum((dispersion_chalc) *(Norm_E2)) ) +dx=dy;
N3= sum(sum((dispersion_chalc) *(Norm_E3)) ) +dx=dy;
N4= sum(sum((dispersion_si)+*Norm_E4))+dx=*dy;

Nb5= sum(sum ((dispersion_sio2)*Norm_E5) )*dx=dy;

N=(N1+N2+N3+N4+N5) " 2;

Dl= sum(sum ((dispersion_si”~2)+Norm_E4.72))xdx=dy;

D2= sum(sum((dispersion_chalc”2)*Norm_E1.72))*dx=dy;
D3= sum(sum((dispersion_chalc”2)*Norm_E2.72))=+dx=dy;
D4= sum(sum (( dispersion_chalc”2)+Norm_E3.72) ) xdx=dy;
D5= sum(sum((dispersion_sio2/2)*Norm_E5.72))*dx=dy;

Aeff_inv= (D1/N)+(D2/N)+(D3/N) +(D4/N) +(D5/N) ;
Aeff=(1/Aeff_inv)

WS/SIS/Sl nonlinear factor Re(Gamma)%/s/so

Gamma_eff= (2xpi/lambda_0)x(c/(n_chalc)/vg)"2%(n2_eff/Aeff)

FOM=—(real (Gamma_eff) /(4 pi*imag(Gamma_eff) ) )
../ Appendices/code.m
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