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Abstract

Coherent interactions between light and sound have been of significant interest
since the invention of the laser. Stimulated Brillouin scattering (SBS) is a type of
coherent interaction where light is scattered from optically generated acoustic
waves. SBS is a powerful tool for optical and microwave signal processing, with
applications ranging from telecommunications and Radar, to spatial sensing
and microscopy. Over the last decade there has been increasing interest in the
investigation of Brillouin scattering at device scales smaller than the wavelength
of light. New interactions with the waveguide boundaries in these systems are
capable of altering the strength of SBS, from complete suppression to orders
of magnitude increases. The landmark demonstration of Brillouin scattering in
planar waveguides, just six years ago, represents a new frontier for this field.

This work explores the effective generation and harnessing of stimulated Bril-
louin scattering within modern photonic circuits. After establishing the founda-
tions of linear and nonlinear optical circuits, we investigate the Brillouin processes
available in multimode waveguides. We experimentally demonstrate giant Bril-
louin amplification using spiral waveguides consisting of soft-glass materials. We
then integrate this soft-glass onto the standard platform for photonic circuits,
silicon on insulator, without any reduction in performance. We apply these ad-
vanced devices to the field of microwave photonics and create high suppression
microwave filters with functionality far beyond traditional electronic circuits.

This thesis is a significant step towards Brillouin enabled integrated photonic
processors.



iii

Acknowledgements

Throughout my PhD, and even before that, I have been incredibly fortunate to
interact with and be supported by so many amazing people. It is hard to truly
grasp or put into words the chances and opportunities that have enabled me to
reach this position. To all of those who have helped along the way: I want to thank
you for changing my life and know that I appreciate every interaction we have
had. If you do not receive a mention below, please chalk it up to my softening
memory of former times (it has been awhile!), rather than any form of slight.

I will start by thanking my supervisor, Prof. Benjamin J. Eggleton, for pro-
viding both the opportunity to work within your group and support along the
way. Working within the CUDOS Sydney group has been a truly transformative
experience for me, and I want to thank you for bringing together such a talented
and amazing group of researchers and students, for providing funding for the
many facilities and equipment I used, and for the multitude of opportunities to
travel and speak at international conferences. I greatly appreciate your attention
to detail for public speaking, including the time devoted to all the presentation
practice sessions, and the importance of story and detail in scientific work. These
are skills which I will value for the rest of my career. The many successes of the
students you have supervised in Sydney are a testament to your prowess as a su-
pervisor. I will miss our frequent (though sometimes heated) discussions around
technical points and the unexpected, but always relevant, personal anecdotes.

My deepest thanks belong to my associate supervisor David Marpaung, with-
out whose steady head and rational discussions I would have abandoned my
PhD on more than one occasion. For this I will forever owe you a great debt. In
technical, professional and even social aspects, you have been an incredible role
model, and I am still in awe of your writing ability and complete mastery of the
academic literature. You are incredibly selfless, giving over as much of your time
as necessary to the discussion and teaching of differing technical points while
supporting your young family. I will forever count myself very lucky to have been
one of you students; it is not possible to find a better associate supervisor. Thank
you, David.

My considerable thanks go to Alvaro-Casas Bedoya, my unofficial associate
supervisor, who introduced me to Silicon photonics and integrated optics design.
Thank you for providing continued optimism and energy, at times even in the face
of my determined negativity! Additionally, thank you for the many things you
did for the group during my time there, such as organising the imec fabrication
runs, teaching me ipkiss, facilitating our external collaborations and being great
to work with in the lab. Many of my successes are due to your kind assistance, I
hope that you achieve all that you wish in your further career.

I also want to thank the other amazing post-docs in the SBS group at USyd.
Ravi Pant, for introducing me to Brillouin scattering and teaching me so much in
the early days in lab, such as chip coupling, and also providing the base results
through which the SBS group was formed; Irina Kabakova, a guiding presence in
my early group meetings; Amol Choudhary and Birgit Stiller, thank you both for
being amazing people to work with every day. The last three years went so quickly
with your helpful discussions, assistance and understanding on equipment shar-
ing and supporting the group. I have found your tireless efforts, high quality
papers and presentations and technical knowledge a continued inspiration.

During my time in CUDOS I shared many varied experiences with a multitude
of students. Having worked in five different offices meant that I was fortunate to



iv

make friends with many awesome office mates. To those that did not make it to
the end of the PhD grind at CUDOS: Rachel, Andrew, Iman, Steph and El-Abed,
thanks for the shared experiences and I wish you all the best of luck.

To the "first wave” of submissions: Yvan Paquot, for sharing an oversized
cocktail at my first conference; Tomonori Hu, for being a continued inspiration,
great presenter and amazing leader; Young “jeeeeesus” Zhang, for being an im-
pressive experimentalist and thinker and for all the help and advice over the years;
Neetesh Singh, for being a determined worker, for teaching me some COMSOL
tricks and for being the most honest person I have met; Jiakun He, thanks for
always lighting up the office and congrats on your great job; Fernando Diaz: the
best BBQer on the south side of the harbour, thanks for being second best at bin
basketball, taking care of my rabbits more than once, and being a very practical
researcher: I miss you mate! A special shout-out to Matt Collins, thanks for the
good advice, awesome chats and even better sneaky lunch beers.

To the ”'Tijn” crew and peak officemates: Scott “Frownface” Brownless, thanks
for being the most reliable Thai Train parter and hooking me up with I&TEX tricks;
Caitlin Fischer, for being the best OSA student chapter vice-president I have
known, a good friend, dropping some amazing burns, and also for rabbits-sitting
duties; and Bjorn Sturmberg, for our many conversations, getting me hooked on
Inkscape alignment and general coding tips, and constantly raising the bar: we’ll
see you in Hobart, one day. To the final CUDOS students: Bruce Zhang, thanks
for your equipment loans, incessant office sleeping and deadpan humour: I'm
glad we’ve never played poker; and to Loris Marini, thanks for somehow both
pushing me further and keeping me grounded, for the fresh pasta and espresso
martinis, constant support, and all the conversations still to come.

A shoutout to my fellow students from the SBS group, it was so amazing to
work with you all. To the visiting students: Kai, Hengyun, Victor, Julia and Kevin;
thanks for enriching our office. To Luke McKay, for stepping up in the student
chapter, I am sorry I did not have the time to get to know you better. Thomas
Biittner, thanks for the awesome discussions and Tuesday Flodge sessions. To
Yang Liu, for turning average ideas into great ones and being the hardest person
to convince. Atiyeh Zarifi, for never giving up nor hesitating to tell me to shut-up.
Iman Aryanfar, for only blowing up some of the components and making the
broadest notch filters since 2013 - congratulations on finishing mate and best of
luck in the future. A special shoutout to Moritz Merklein, for taking a bullet on
the invited talks and winning all the prizes. Jokes aside, Moritz, you are the best
presenter I have seen and an even better researcher. I count myself lucky to have
done my PhD with you. An extra special thanks to Mattia Pagani, my nonlinear
integrated microwave photonics partner in crime. Thanks for making the first
years of my PhD so enjoyable with your wry humour, enduring the CUDOS
showcase with a grin and letting me always be right. If  had even half the capacity
and expertise you do my PhD would have only taken three years. Working with
you was a constant pleasure and I have no doubt you will continue to succeed in
your chosen career.

To all of the students, thank you for the Atom Thai lunches and even better
Campos coffee sessions! Thanks also to Owen Brasier, a former CUDOSer, for
getting in on the lunch antics over the many years, providing more than your fair
share of amazing conversations, and being so awesome during the Vivid festival.
Atom Thai - thank you for providing delicious affordable food so close to campus,
and a special thank you to Campos, shout out to Dan, for making me realise
that coffee is actually awesome and fuelling my academic output for many years.



While staring into my bleak americano in the Nothern Hemisphere I still dream
about your creamy affogatos and crisp espresso.

My PhD would not have been possible without the amazing collaborators
which I dealt with day in and day out. To the ANU chalcogenide fabrication
team of Khu Vu, Duk-Yong Choi and Steve Madden, thank you for the hundreds
of emails and calls, and always persevering beyond the frustrations inherent in
the fabrication process. To the RMIT team of Guanghui Ren, Thach Nguyen and
Arnan Mitchell, thank you for pushing the envelope for rapid prototyping. To
our theory collaborators in UTS and Macquarie, Christian Wolff, Mikolaj Schmidt,
Kokou Dossou, Mike Smith, Christopher Poulton and Mike Steel, thank you for
providing a solid basis for discussions and travelling to USyd for our group
meetings. A special shout-out, again, to Bjorn Sturmberg, for joining the SBS side
and implementing Numbat: it was great to be able to extend our Thai lunches
after you finished as a student. Also to Daniel Dolfi, Stephanie Molin and all the
team in the opto-electronics group at the Thales-TRT in Palaiseau France, thank
you for hosting me in 2015 and enriching my PhD more than I could have hoped
to expect. I still regret not succeeding with the planned experiments.

I want to thank all of the other post-docs and researchers in CUDOS at Sydney,
for assisting me with discussions, equipment sharing and especially guiding the
experience at conferences: Alex Clarke, Alex Judge, Chad Husko, Jochen Schroder,
Simon Lefrancois, Joel Carpenter, Elias Giacoumidis, Trung Vo, Alessandro Tuniz,
Andrea Blanco-Redondo, Allessio Stefani and Darren Hudson. Thanks also to
the senior researchers and Profs: Mark Pelusi, Boris Kuhlmey, Stefano Palomba,
Simon Flemming and Martijn De Sterke.

A thank you to the CUDQOS lab staff for your support and assistance: Enbang
Li, Joseph Zheng and Shayan Sahnia. An extra special thanks to Eric Méagi, our
lab manager extraordinaire, for his herculean effort over the years in supporting
so many of the experiments, general lab and ordering support and working with
the various filter prototypes. Eric, I enjoyed every one of our discussions and your
incredibly broad technical knowledge was a key enabler in many experiments. I
still incredibly impressed that a prototype was taken overseas and worked with
such success.

A special thank you to the admin team of CUDOS, in particular Vera Brinkel,
Silke Weiss and Simone Kingston. Thank you for making the daily pain of uni-
versity bureaucracy a much more manageable experience. A special thank you
to Shelley Martin for always fighting for the students, promoting the group and
organising the amazing CUDOS workshops every year. I also want to thank the
admin and support staff of the School of Physics and, in particular Alexis George,
Cynthia Kiu and David Beech, and the head of school Tim Bedding.

Even before I started my PhD I was incredibly lucky to be supported in my
interest of physics. Thanks to all the teachers from Uki Primary and Mt St Patricks
College, in particular Mark Hoy for sacrificing his Tuesday afternoons to teach
Extension maths and Narelle Sherrah for creating such an amazing environment
with accelerated science program. Special thanks to my original bus driver, Matt
Prior, for his inquisitive discussions and music taste. I also want to thank my
undergraduate supervisors, David McClelland and Jong Chow, for fostering my
research experience and suggesting the Sydney CUDQOS group as place for a
valuable PhD experience. An additional thanks go to the Australian Government,
for funding my education and PhD scholarship. It is incredibly lucky to live in a
country where growing up outside of a small town does not prevent you from
reaching the highest quality education institutions.



Vi

Thank you to all my friends, in particular: Tim and Lisa, for showing what
the light looks like at the end of the tunnel, and for strategy boardgames; Pat and
Vicky, for providing welcome distractions, health(y) discussions, and gin nights;
the Brig Crew: Tim, Christopher, Yasin, Dan and Steve, thanks for Tequila Sixes,
Brigalow Fridays, Mattress Couch and for never being the Big Bang Theory; and
Christopher, again, for cocktail shenanigans, intense conversations, amazing food,
and always proving that knowledge and the pursuit of it is invaluable. Thanks
for always being both interested and interesting.

And with so many people already thanked I shall close with the most important
people of all, my family. I want to thank everyone in my family: my parents,
siblings, nieces and nephews, aunts and uncles and grandparents. All of of
you have provided me tremendous support and inspiration. To be able to move
freely around with the world with only positivity and no expectations, has made
everything I had to do easier on the way. I know that I do not communicate
often enough, but I miss you all constantly. I hope that I have made you proud,
and inspired some of you to. I would also like to thank the Blackburn family
for welcoming me so kindly into their midst, for supporting me throughout this
journey, and for humouring my physics-related lectures.

Finally to Jess, the love of my life. Thank you for always being interested in
my work and assisting with my poor English grammar. Thank you for making
every day special, putting up with my odd behaviour and choosing to share your
life with me. I would not have made it through this journey without you, and I
hope I can pay back the many weekends and evenings with amazing experiences
in the next phase of our lives.



vii

Original Works and Contributions Presented in this Thesis

The following outlines the original works in this thesis and the contributions of
authors for the published works. The thesis author has been bolded for clarity.

Chapter 6

Sections: 6.2 - 6.4 B.Morrison, A. Casas-Bedoya, G. Ren, K. Vu, Y. Liu, A. Zarifi,
T. G. Nguyen, D-Y. Choi, D. Marpaung, S. ]. Madden, A. Mitchell, B. J. Eggleton,

”Compact Brillouin devices through hybrid integration on silicon”, Optica 4, 847
(2017)

B. M. designed and performed mask layout for the As,S;3 structures. A. C-B.
prepared mask layout for base Si chip. G. R., K. V,, T. G. N. and D-Y. C. fabricated
the As)S;3 structure. B. M. performed the experimental measurements, with
assistance from A. C-B. and Y. L. Helpful discussions were provided by D. M., A.
C-B., A.Z, Y. L. and B.]. E. The project was supervised by S.]. M., A. M. and B. J.
E. The manuscript was prepared by B. M. with contributions from all authors.

Chapter 7

Section: 7.2 B. Morrison, Y. Zhang, M. Pagani, B. ]. Eggleton, D. Marpaung,
“Four-wave mixing and nonlinear losses in thick silicon waveguides”, Optics Let-
ters 41, 2418 (2016)

B. M. performed the experiment. Split-step simulations were performed by Y. Z.
Helpful discussions were provided by M. P, D. M. and B. J. E. The project was
supervised by D. M. and B. J. E. The manuscript was prepared by B. M. with
contributions from all authors.

Chapter 8

Section: 8.2 B. Morrison, D. Marpaung, R. Pant, E. Li, D-Y. Choi, S. Madden,
B. Luther-Davies, B. ]. Eggleton, “Tunable microwave photonic notch filter using
on-chip stimulated Brillouin scattering”, Optics Communications 313, 85-89 (2014)

B. M., D. M and R. P. performed the experiments. D-Y. C. and S. J. M. fabricated
the samples. D. M., B. L. D and B. J. E supervised the project. D. M., B. M. and R.
P. prepared the manuscript with contributions from all authors.

Section: 8.3 D. Marpaung, B. Morrison, R. Pant, B. J. Eggleton, “Frequency
agile microwave photonic notch filter with anomalously high stopband rejection”,
Optics Letters 38, 4300 (2013)

B. M., D. M and R. P. performed the experiments. B. J. E. supervised the project.
D. M. prepared the manuscript with contributions from all authors.

Section: 8.4 D.Marpaung, B. Morrison, M. Pagani, R. Pant, D-Y. Choi, B. Luther-
Davies, S. Madden, B. J. Eggleton “Low-power, chip-based stimulated Brillouin



viii

scattering microwave photonic filter with ultrahigh selectivity”, Optica 2, 76 (2015)

B. M and M. P performed the experiments with assistance from D. M. and R. P.
Fabrication was performed by D-Y. C. and S. J. M. The project was supervised by
D. M. and B. J. E. The manuscript was prepared by D. M. with contributions from
all authors.

Chapter 9

Section: 9.2 A. Casas-Bedoya, B. Morrison, M. Pagani, D. Marpaung, B. J. Eggle-
ton, “Tunable narrowband microwave photonic filter created by stimulated Bril-
louin scattering from a silicon nanowire”, Optics Letters 40, 4154 (2015)

A.C-B., B. M and M. P performed the experiments. A. C-B. performed additional
fabrication steps on the sample. D. M, B. M and M. P. provided useful discussion.
B.]. E supervised the project. A. C-B. prepared the manuscript with contributions
from all authors.

Section: 9.3 D. Marpaung, B. Morrison, R. Pant, C. Roeloffzen, M. Hoekman, R.
Heideman, B. J. Eggleton, “Si3Ny ring resonator-based microwave photonic notch
filter with an ultrahigh peak rejection”, Optics Express 21, 23286 (2013)

B. M. performed the experiments. C. R, A. L., M. H. and R. H. fabricated the
samples. R. P. provided useful discussions. B. J. E supervised the project. D. M.
prepared the manuscript with contributions from all authors.

Supervisor Attestment

As supervisor for the candidature upon which this thesis is based, I can confirm
that the authorship attribution statements above are correct.

Benjamin J. Eggleton ... ... 31/08/2018



ix

Contents

Declaration of Authorship i
Abstract ii
Acknowledgements iii
1 Introduction 1
I Background and Theory 4
2 Historical Overview of Brillouin Scattering 5
2.1 Origins of Brillouin Scattering . . . . ... ... ... ........ 6
2.1.1 Interlude: Discovery of Raman Scattering . . . . ... ... 6

2.1.2  Early Acoustic Scattering: Developing Understanding and
Remarkable Experiments . . ... .............. 8
2.2 The Laser: Enabling Stimulated Scattering . . . ... ... ..... 11
2.3 Brillouin Scattering in Early Optical Fibers . . . . . ... ... ... 13
2.3.1 Guided Wave Brillouin Scattering and Early SBS Applications 17
2.4 Brillouin Scattering in Modern Devices . ... ... ........ 19
2.4.1 Brillouin Scattering in Small Core and Photonic Crystal Fibers 19
2.4.2 Brillouin Scattering in Planar Waveguides . . . . . ... .. 21
2.4.3 Brillouin Scattering and Lasing In Resonators . ... ... 26
3 Nonlinear Photonic Circuits 31
3.1 Theoryof BasicConcepts. . . . . ................... 32
3.1.1 Maxwell’s Wave Equation . . . ................ 32
3.12 Optical Waveguides . ... .................. 33
Optical Propagation in Waveguides . . ... ... ... .. 34
Modal fields and polarisation . . . .. ... ... ... ... 37
3.1.3 NonlinearOptics . . ... ... ... ....... ... 38
Optical Kerr Effect . . .. ...... .. ... .. .. ..., 39
Pockelseffect . . ... ... ... . . .. .. .. . .. . ... 40
Four WaveMixing . ... ... ... ............. 41
Dispersion engineering and yx in waveguides . . . . . .. 43
3.2 Nonlinear Integrated Circuits . . . ... ... ............ 44

3.2.1 Linear and Nonlinear Waveguides: Materials and Geometries 44
Linear Waveguides . . . . .. ... ... ... .. ..., 45



4

II

Nonlinear Waveguides . . . . ... .............. 49

322 MakingaCircuit .. ......... ... ... . ... .. 51
Coupling . . . ... ... ... .. . 52

Routing: Bends . . . ... .......... ... ... ... 52

Routing: Coupling and Cross-Talk . . ... ... ... ... 55

Hybrid Integration . . . ... ........... .. .... 56

3.2.3 “Fabless” Photonic Platforms . . . ... ... ... ..... 57
Siliconon Insulator . . . . .. ... ... .. ... ... ... 57

NIV Semiconductors . . . . .. ................ 58

Other Established Platforms . . . . ... ........... 58

Emerging Platforms . . . ... ................ 59

Stimulated Brillouin Scattering in Waveguides 60
41 Understanding Physical mechanisms behind SBS . . . . . ... .. 61
411 HighLevel SBSOverview . ... ............... 62

4.1.2 Electrostriction and Photoelasticity . . . . ... ... .... 62

42 SBSinBulkMedia. .. ... ... ... ... .. . . 63
421 PhaseMatching . . .. ... ...... ... .. .. ..... 63

422 Coupled Wave Equations forBulk . .. ........... 64

4.3 Brillouin Scattering in Waveguides: An Overview . ... .. ... 66
43.1 AcousticWaveguides . . . ... ....... .. ... ..., 67

4.4 Brillouin Processes in Multimode Waveguides . . . .. ... ... 69
441 Phase-Matching with Guided Optical and Acoustic Modes 71

442 Mode Symmetry and Overlaps . . ... ... ........ 74

4.4.3 Dynamics: Cascading vs Non-Cascading . . .. ... ... 75
444 Spontaneous Scattering and Noise . . .. ... ....... 78

4.5 Calculating the Brillouin Gain Coefficient . . . .. ... ... ... 79
45.1 Optoacoustic Overlap and Optical Fibers . . .. ... ... 80
45.2 Small Core Devices and Boundary Interactions . . . . . . . 81

4.5.3 The Numerical Brillouin Analysis Tool . . . . .. ... ... 83
Brillouin Scattering in Circuits 85
Giant Brillouin Gain in Photonic Circuits 86
5.1 Brillouin Scattering in Chalcogenide Fibers . . . . ... ... ... 87
5.2 Acoustic Confinement and the Opto-Acoustic Overlap . . . . . . . 88
5.3 Measuring Brillouin Scattering . . . ... ... ... ........ 92
53.1 Self-Heterodyne and Threshold . . . . .. ... ... .... 92

53.2 Pump-Probe Technique . ................... 94
Pulsed Techniques . . . ... ... .............. 95

5.4 Characterisation of Soft Glass Waveguides . . . . . ... ... ... 96
5.4.1 Waveguide Fabricationand Design . . . . . ... ... ... 96

5.4.2 Early Devices (2013-2015) . . ... ... ........... 98

5.4.3 Giant Gain Devices and Design Optimisation (2015+) . . . 100

54.4 Non As;S; chalcogenide waveguides . . . ... ... ... 102
Hybrid Integration of As,S3 and Silicon 105
6.1 Brillouin Lasers in Waveguide Resonators . . . . ... ....... 106
6.1.1 Optical Waveguide Resonators . . ... ........... 106
Spectral Response and Key Features . . . . ... ... ... 107

6.1.2 Brillouinlasers . .. ... .. . . .. . ... . . 109



6.2 Compact Brillouin devices through hybrid integration on silicon .
6.2.1 Silicon interfaced As,S; spiral waveguide . . . . ... ...
6.2.2 Backwards SBS in As,S3 spiral waveguide . . . . . ... ..
6.2.3 Dimensional Broadening . . ... ..............
6.24 Compactringresonator . ... ................
6.25 Brillouinlasing . . ............. ... .. .. ...
6.3 Further Technical Details . . . . ... ... ... ...........
6.3.1 Additional Experimental Details . . . ... .........
6.3.2 Fabrication, Design and Simulation Details . . . ... ...
6.4 Discussion . . . .. .. . .. ... e e e e

Nonlinear Circuits in Thick Silicon
7.1 Thick Silicon Waveguides . . .. ... ................

xi

110

124
125

7.2 Four-Wave Mixing and Nonlinear Losses in Thick Silicon Waveguides127

7.2.1 Devices and Linear Characterisation . . . . ... ... ...
722 FWMExperiments . .. ....................
7.2.3 Nonlinear loss characterisation . . .. ... .........
7.3 SBSin Thick Silicon Waveguides . . . . ... ... .........

III Microwave Notch Filters using Photonic Devices

8 Microwave Notch Filters Using Brillouin Scattering

8.1 Background: Microwave Photonic Signal Processing . . . . . . ..
81.1 Aphotoniclink . ... ...... ... ... .. . ..
Optical Modulation. . . ... ........ ... ......

Detection. . . ... ... ... o o o oo

8.1.2 A photonicProcessor. . . . ... ... . ... . ...

8.1.3 Integrated Microwave Photonic Processing . . . ... ...

8.14 Radio-frequency Notch Filters . . ... ... ........

8.2 RF Notch filter with on-chipSBS . . ... ... .. .........
8.2.1 Operational Principle . ... ... ... ........ ...

822 Experiments .. ............... . ... . ... ..

8.2.3 Resultsand Discussions . . . ... ..............

8.3 Cancellation Technique for Ultra Deep RF Notch Filters . . . . . .
8.3.1 The Cancellation Technique . . . . ... ... ... .....

8.4 Ultrahigh Attenuation, On-Chip SBS Notch Filter . . . . . ... ..
8.4.1 On-Chip Filter Experiments . . . . ... ...........

8.4.2 Frequency Tuning and Bandwidth Reconfigurability . . .

8.4.3 Demonstration of RF Filtering . . . .. ... .........

8.44 Insertion Loss Reduction Experiment . . ... ... .. ..

8.4.5 Discussion of As;S3 Chip Filter Results . . ... ... ...

8.5 Comment: Comparison with Zhang and Minasian . . . . ... ..

Cancellation Filters with MPW Platforms

9.1 Nonlinear Losses and Brillouin Scattering in Silicon . . . ... ..
9.1.1 Brillouin Scattering with Nonlinear Losses . . . ... ...

9.2 FBSin Silicon Based Cancellation Filter . . .. ... ... ... ..
9.2.1 Scheme and Characterisation . . ... ... .........
9.2.2 Cancellation Filterwith FBS . . . . ... ... ... .....

9.3 Si3Ny Ring Resonator Based Cancellation Filter . . . . . ... ...
9.3.1 Tunable Coupling in Integrated Resonators . . . ... ...

127



Xii

9.3.2 Limitations of Conventional Notch Filter . .. ... .. .. 169

9.3.3 Novel notch filter principle and experiment . . . . . . . .. 171

934 Discussion . . ... ... . o e 175
Resonator vs SBS based Cancellation Filters . . . . . .. .. 175

10 Conclusion 177
101 Summary . . . . .. L 177
10.2 State of the Art Integrated Microwave Photonic Devices . . . . . . 179
10.2.1 High Resolution Reconfigurable Optical Circuits . . . . . . 179

10.2.2 Beyond The Cancellation Filter . . . . ... ... ... ... 180

10.3 New Materials and Fabrication Techniques . . ... ... ... .. 180
10.3.1 SoftGlasses . . .. ... .. ... . ... . 181

10.3.2 Semiconductors . . . ... ... oo o 182

10.3.3 Future Integration Strategies . . ... ... ... ...... 183

10.4 Opportunities Enabled By Brillouin Scattering Within Circuits . . 184
10.4.1 Possible Opportunities . . . . ... .. ............ 185

10.4.2 New Devices and Concluding Remarks . . . ... ... .. 185
Appendices 187
A Elasticity Theory Notation 188
B Integrated Optics: A Pre History 190
B.1 Microwave Waveguides . . .. ... ................. 190
B.2 Optical Waveguides . . . . .. ..................... 191
B.3 Bell Labs Journal Issue: Heralding Integrated Optical Circuits . . 193

Complete Bibliography 195



Chapter

Introduction

The interaction of light and sound has been of interest to scientists for more than
a century. If two counterpropagating beams of light pass through a material,
separated in frequency by twice the speed of sound divided by the optical wave-
length, an acoustic wave will be coherently generated. This acoustic wave will
backscatter the higher energy light beam and Doppler shift its frequency, like
a moving optical grating, to precisely that of the lower energy light wave. This
phenomenon is known as stimulated Brillouin scattering (SBS), and it was one of
the first optical nonlinear effects measured upon the invention of the laser.

After the first studies of SBS in optical fibers more than 50 years ago it was
promptly identified as a nuisance; a fundamental issue to be avoided at all costs in
optical communications systems. This sentiment was reinforced through further
publications at the time and is certainly still held by many in telecommunications
research. However, in the past decade Brillouin scattering has been repeatedly
demonstrated as a flexible and powerful tool for optical and microwave signal
processing. Among the many intriguing applications of SBS are a few oddities,
such as the capability to spectrally purify optical waves and the ability to coherently
store light as sound.

Following these developments, there has been a renewed interest from re-
searchers into optical devices in which Brillouin scattering can be effectively
harnessed. Progress in the field has accelerated since the first demonstration of
SBS in planar waveguides in 2011. These highly nonlinear planar waveguides
were used in a number of demonstrations, performing functionalities previously
restricted to systems using kilometres of optical fiber. At the same time theoreti-
cal results indicated that, in certain materials and geometries, new interactions
generated at the waveguide boundaries could greatly increase the strength of the
Brillouin processes.

Objective and Outline

This thesis is devoted to an exploration of Brillouin processes in modern photonic
circuits, investigating materials, devices and applications. The body of work in
this thesis was performed in the context of two driving questions:

1. How can we generate strong Brillouin interactions in photonic circuits?

2. Can we utilise on-chip SBS to create high performance integrated microwave
photonic processors?
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To address these questions we have to understand concepts from three fields of
photonics: nonlinear optics, integrated optics and microwave photonics. The
thesis has been designed to a be a reference material for future researchers and
students interested in these fields and the structure has been prepared accordingly.
The content is organised into ten chapters, formed within 3 main parts, and has
the following structure:

Part I: Background and Theory In Part I of the thesis we provide the background
and theory which enables an understanding of the concepts presented throughout
the rest of the thesis. This is commenced with a thorough historical overview of
Brillouin scattering in Chapter 2. This overview explores the early experimental
works of the 20th century, the changes with the development of the laser and
optical fibers, and also describes modern devices and the current state of the art
of Brillouin scattering in waveguides and resonators.

Chapter 3 presents the material required for the understanding and develop-
ment of nonlinear photonic circuits. To build an intuition this chapter starts with
the theory of simple slab waveguides and nonlinear optics. The second section
focuses on the optimal ways in which to design nonlinear photonic circuits in
current photonic platforms, and highlights issues which arise in circuits designed
for linear and nonlinear purposes. The chapter finishes with an overview of the
current photonic foundries open to academic users.

In the final chapter of Part I, we explore the theory of Brillouin scattering in
waveguides. Chapter 4 begins by describing the physical mechanisms behind
Brillouin scattering in bulk materials, and the phase matching of SBS in such
devices. This leads into the markedly different regime of waveguides, and how
additional Brillouin processes exist in guided wave devices, due to the altered
acoustic mode families in acoustic waveguides. We describe the phase-matching
and dynamics of the different Brillouin processes and close with a discussion
on how to calculate the gain coefficient, correctly incorporating the vectorial
nature of the interacting fields and additional forces which arise due to boundary
interactions.

Part II: Brillouin Scattering in Circuits In Part II we move beyond theory and shift
our focus to generating large Brillouin interactions in photonic circuits. In Chap-
ter 5 we demonstrate greater than 50 dB of Brillouin amplification in soft-glass
chalcogenide waveguides. This demonstration was built upon an understanding
of the importance of acoustic confinement and geometry choice, and improve-
ments to fabrication processes. We provide measurements for multiple different
device systems and describe the development of these circuits over the course of
multiple years. The material also covers previous results in chalcogenide fibers,
different methods of measuring Brillouin scattering parameters and the fabrication
process of soft-glass waveguides.

Chalcogenide glasses are highly suitable materials for generating Brillouin
interactions, but they not capable of front-end photonic integration. In Chapter 6,
the key work in this thesis, we demonstrate the hybrid integration of As,S;3 glass
with an silicon on insulator (SOI) circuit obtained from imec. This demonstration
required the adoption of a number of strategies discussed in Chapter 3, in particu-
lar the use of adiabatic bends in the heavily multimode waveguides. This hybrid
integration enabled a Brillouin amplification of more than 20 dB in a silicon-based
chip, utilising a compact spiral confined in less than a single mm?. In this work
we also demonstrate Brillouin lasing for the first time in a planar circuit.
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In the search for alternative platforms for Brillouin scattering, in Chapter 7 we
investigate 3 um thick silicon waveguides available from VIT. While no Brillouin
scattering was observed in these circuits, we found that the linear performance
of the devices was very high. The long effective interaction lengths from the low
loss waveguides enabled the generation of idler waves through Kerr four wave
mixing.

Part I1I: Microwave Notch Filters using Photonic Devices The final Part of the
thesis focuses on an application of Brillouin scattering: microwave signal process-
ing. In particular we investigate the creation of high suppression microwave notch
filters using integrated devices, in particular on-chip SBS. The start of Chapter
provides an overview of microwave photonics, and the simple operation of opti-
cal modulation and detection. We then describe integrated microwave photonic
devices and key parameters for radio frequency notch filters. The chapter then
shifts to experimental and published work on microwave filters using Brillouin
scattering. We introduce a new technique for achieving high suppression cancella-
tion based notch filters, and apply this technique with our soft-glass waveguides.
The obtained results posses an impressive combination of high suppression and
frequency tunability, while operating with very narrow linewidths. In Chapter
we explore the benefits of the cancellation technique in other photonic circuit tech-
nologies, using forward Brillouin scattering in an SOI circuit and a ring resonator
in an SizNy device.

Finally, Chapter 10 provides a summary of the key results in the thesis, a
perspective of future opportunities and possible new materials, and an outlook on
future applications and devices utilising Brillouin scattering in photonic circuits.
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Chapter

Historical Overview of Brillouin
Scattering

A tremendous amount of research has gone into the topic of Brillouin scattering
over the past century. In this overview we will focus on the key results in early
literature leading up to “modern” devices demonstrated within the past 10 years.
Particular attention will be given to works which significantly improved under-
standing at the time and early experimental observations of different systems.
This overview is split into 4 main sections

¢ The context and origins of Brillouin scattering theory and early experimental
work.

* The advent of stimulated scattering processes, following the availability of
the laser.

¢ Brillouin scattering in early optical fibers.
¢ Brillouin scattering in modern devices and the current state of the art.

The chapter concludes with a list of historic, and more recent, review papers
which may be of use to readers interested in these topics.
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2.1 Origins of Brillouin Scattering

At the turn of the 20th century there was a significant interest in the interaction
and scattering of light with different materials. From the 1880s to 1900 Lord
Rayleigh published a number of articles describing the scattering of light from
particles much smaller than the wavelength, in an effort to describe the origin
of the blue colour of the sky [1]. In this way he corrected understanding at
the time by showing that the intensity of the elastically scattered light scaled
following A~ i.e the intensity of scattered blue light is 16 times that of red. He
later showed that this scattering originates from the individual molecules making
up the atmosphere themselves (and summed for the total number of molecules),
rather than considering some foreign particles embedded in a material such as a
solid or liquid [2].

The idea that the scattering Rayleigh described could occur from individual
molecules, which meant that the scattering sources would act independently from
each other, was quite surprising at the time. In 1919, the year of Rayleigh’s passing,
J. Larmor published "“The principle of molecular scattering of radiation” in which he
discussed implications of Rayleigh’s work [3]. He states that:

The condition necessary for this independence is that the distur-
bances (such as strain, velocity) must arrive from the scattering parti-
cles in phases which are entirely uncorrelated...

Finding a lack of correlation unlikely, due to the sheer number of particles in close
proximity, Larmor instead considers the effects on the scattering process if the
motions of some of the particles are indeed correlated to some degree. Larmor
expected that there should be a component of scattering due to these fluctuations,
which will have a small Doppler shift due to the motion of the particles.

The work of Larmor consisted purely of postulations and no analysis, no
descriptions of any magnitude of this possible Doppler shift were given. In 1922,
C. Raman addressed this point in his work “Optical Observation of the Thermal
Agitation of the Atoms in Crystals” published in Nature [4]. He considers the theory
of Debye [5], based on earlier work by Einstein [6], which details that:

the thermal energy of a solid is made of elastic vibrations in its
material, the frequencies of such vibrations ranging from very small
values up to a maximum limit determined by the ultimate molecular
or atomic structure

This would mean that even an optically transparent material, free from defects or
impurities, could not be considered “"homogeneous” due to these elastic vibrations.
It then follows, according to Raman, that light traversing the medium would be
deviated and appear as scattered light, with the intensity of the scattering being
related to the “thermal agitation” of the crystal. Raman makes an argument based
on the Einstein relation (or Einstein-Smoluchowski formula) for the intensity of
the scattering and concludes that transparent quartz should observe 10 times as
much scattering as dust free air. Though no images or measurements are provided,
Raman also states that he had observed such scattering in his laboratory.

2.1.1 Interlude: Discovery of Raman Scattering

As well as a focus on the scattering from acoustic waves within a media, Raman
was interested in scattering from individual molecules, inspired in particular by
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the work of Rayleigh. Experimental work commenced in this area in 1922 and early
on Raman’s group observed an effect which they termed “weak fluorescence”.
Highly focused sunlight was spectrally filtered and passed through a material,
typically a very pure (>10 distillations) liquid, with the transmitted and scattered
light measured spectroscopically [7]. A thorough cataloguing of more than 60
liquids showed the uniformity of this effect, though the strength of the effect
varied between materials. Work in this area stalled for a few years, until 1928 when
Raman realised that he may in fact be observing an optical analogue of Compton
scattering, the inelastic scattering of light from electrons, and not fluorescence at
all. Experiments then recommenced with K. Krishnan, the student who performed
the earlier study, and the idea was supported by the fact that the scattered light
was highly polarised, to a similar degree of the transmitted light, whereas typical
fluorescence is unpolarised. These observations lead Raman to publish the paper
”A New Type of Secondary Radiation” ,a brief letter, dated February 16th 1928 [8].
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Figure 2.1: Experimental measurements of Raman scattering from two of Raman’s Nature papers

@) [9] and (b) [10].

Work progressed very rapidly over the coming months. However an issue with
the previous measurements was the poor spectral resolution of the source light
from filtered sunlight. A setup similar to that of Woods, using the emission lines
of an intense mercury lamp, improved the measurements greatly, allowing for
the magnitude of the spectral shift to be observed [11]. This work was definitively
confirmed in the paper "The Optical Analogue of the Compton Effect” by Raman,
dated the 22nd March. The scattered light was clearly observable, as shown
in Figure 2.1, and accurate measurements of the shift could now be taken [9].
This flurry of Nature publications was concluded in the paper, quite dramatically
titled, “"The Negative Absorption of Radiation”, dated the 15th May [10]. In this
work they identify a number of lines with sufficient accuracy, and find that the
frequency spacing of these lines from the pump source matches the infrared
absorption lines of the measured material (i.e molecular properties). What is
even more remarkable is that they identify lines of higher frequency than the
pump source, and associate these lines with emission from high energy states.
The relative intensity of the higher frequency lines matches somewhat to the
expected population of the molecular states at room temperature, as determined
from standard thermodynamic arguments.

This flurry of results generated an incredible focus of this effect, soon confirmed
by a number of different groups, with more than 60 papers published in 1928
on this topic alone [12]. For this body of work Raman received the Nobel Prize
in 1930, somewhat contentiously [13], and Raman scattering has become one
of the most ubiquitous measurement techniques in modern material science.
For interested readers we have provided a number of references of perspectives,
written throughout the 20th century, from different groups which worked on this
topic [12, 14, 15]. Significant work investigating this form of scattering was also
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occurring in Russia at the time, for which a detailed overview can be found in the
work of Fabelinskii [16].

2.1.2  Early Acoustic Scattering: Developing Understanding and Remark-
able Experiments

Léon Brillouin also investigated the problem of light scattering from acoustic waves.
Brillouin followed a similar approach to Raman’s 1922 theory paper, considering
the earlier work of Debye and Einstein, and applied his derived approach to
the possible sources of inelastic scattering of X-rays [17]. Acting independently
of Raman’s work, Brillouin provided a more thorough analysis of the expected
scattering effect and the analysis was based on two main ideas

¢ For a primary light ray §0, and a scattered ray §, only sound waves travelling
in the direction of the vector § = S — Sj are important for scattering

¢ Of the sound waves satisfying this condition, only waves with a wavelength
A = A/s will contribute to scattering, where A is the wavelength of the
primary ray and s is the length of the vector s.

The second condition is akin to satisfying the Bragg condition for constructive
interference from a typical optical grating. The sound wave moves at the speed
of sound in the medium, v,., and could be going in either direction, +5 or —5.
The frequency of the scattered light will thus be shifted, according to the Doppler
effect, and the scattered light will occur at two frequencies around the input
frequency vy.

v =1 [1 + Zn% sin(# /2)] 2.1)

where c is the speed of light in vacuum, 6 is the angle between Sy and S and 7
is the refractive index of the scattering medium. On the basis of this work, the
inelastic scattering of light from thermal acoustic waves is thus referred to as
Brillouin scattering in the literature.

-~ Fig. 1.

~ .
FIGURE 1 (@) DIRECT LIGHT ; (b) SCATTERED LIGHT.

Figure 2.2: (a) Diagram explaining conditions for SBS in bulk media from the work of Debye [18]
(b) Photograph of spectrographic measurements of SBS by Raman in quartz crystal [19].

Experimental demonstrations of Brillouin scattering were very difficult in the
early 1900s due to the strict equipment requirements. Typical Brillouin shifts are
on the order of 10 GHz to 50 GHz, very close to pump sources, putting stringent
requirements on optical spectrometers and possible requirements for filters that
remove non-shifted (or Rayleigh scattered) components. The first claimed exper-
imental measurements of Brillouin scattering come from the work of E. Gross,



Chapter 2. Historical Overview of Brillouin Scattering 9

published in Nature in 1930 [20], titled ”Change of Wavelength of Light due to Elastic
Heat Waves at Scattering in Liquids”. Gross passed the 435.8 nm emission line of
a mercury lamp through a number of materials, primarily liquids, and used a
highly resolving spectrometer to measure the output radiation. Significant care
needed to be taken to prevent hyperfine mercury lines from obscuring any of
Doppler scattered pump input. Gross observed a doublet of peaks around a
main unshifted peak in liquids such as water, benzene and Ethyl alcohol and
also crystalline quartz. The measured shifts were a reasonable match with those
expected from theory, and Gross postulates that this connection indicates that the
accurate measurement of scattered light may provide a new tool for characterising

materials. Gross did not provide any images of the of the measured spectra or
data plots of any kind.
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Figure 2.3: (a) Setup used by Rao to measure Brillouin scattering in liquids (b) Measured peaks

from scattering in Carbon tetracholoride and Touline. The solid lines are hyperfine lines of the

mercury lamp source, dashed lines are the Doppler shifted components (c) Spectrographic images
of Carbon Tetrachloride using the 404.7 nm mercury line as a pump [21].

An unexpected observation by Gross was that, for some of the liquids (and
for the quartz), multiple sets of lines were observed, at harmonics of the expected
frequencies. This observation caused quite a stir in the literature and a number
of researchers set out to address the issue. The work of Debye [18], attempted
to address this by inducing supersonic acoustic waves directly on the liquid and
observing the scattered wave. The measurements showed a significant number of
orders and also a preference for scattering depending on the input orientation.
While the measured velocities did match up with the expectation (from input
frequencies of around 2 MHz), the question again was asked, why do these extra
orders appear? It was postulated that the oscillations in the material where not
pure sinusoidal waves and then some harmonics should be generated, but such a
simple description could not explain the relative intensity of the different scattered
lines. To address these new observations in the work of Debye and Sears, Raman
and Nath theoretically investigated the configuration of their experiments over
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the course of five articles [22], titled "The diffraction of light by High Frequency
Sound Waves”. They found that the observed effects occur in a regime were the
acoustically driven grating is “weak”, and the interaction region is short compared
to the optical wavelength, and that the nth scattering order involves n phonons.
In the case of a strong grating the more typical Bragg scattering occurs, with an
individual photon and phonon, similar to the case of Brillouin scattering.

While the work of Raman and Nath developed understanding for some of
the observations, it still was not clear why Gross was measuring multiple lines,
in particular for the quartz crystal. Further experimental work by a student of
Raman, B. Raghavendra Rao, attempted to clarify earlier results. In two papers
titled ”Examination of molecularly scattered light with a Fabry-Perot Etalon”, Rao
performs highly detailed experiments measuring the scattered light using a Fabry-
Perot etalon [21]. No series of lines were observed here, with a number of different
mercury lines being explored as pumps. Rao’s paper provided highly detailed
schematics of different experimental equipment, such as the general design of
the mercury lamps, and also photographs of interferograms as shown in fig.
Raman followed this work in 1938 with the first photographs of measurements in
quartz crystal, elucidating the early work of Gross [19].

Following this, further understanding in crystals developed from advances
in experimental apparatus, such as superior spectrometers, crystal sources and
light sources. In 1951 V. Chandrasekharan investigated the effects different of
orientations of diamond for the scattered Brillouin components [23]. Due to the
birefringent nature of the crystal, and the effects of symmetry on the propaga-
tion of the acoustic wave, multiple components were observed, with up to 12
theoretically predicted [24, 25]. In 1955 R. Krishnan experimentally explored this
effect, and identified the new possibilities of material characterisation [26]. In his
paper, “Elastic constants of crystals from light scattering measurements”, Krishnan ac-
curately identifies the various elastic constants and acoustic velocities for different
orientations of a number of crystals, such as diamond, quartz and calcite. These
observations were shown directly in photographic measurements, an excerpt of
some data is given in fig.
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Figure 2.4: An excerpt of a table of measured results from the work of Krishnan [26].

While the possibility of using Brillouin scattering for material characterisation
was clearly demonstrated, the lack of suitable light sources prevented experiments
in a wide range of materials, with results mostly limited to mercury lamps. With
the invention of the laser this issue was addressed, and the subsequent high
powers available opened up a wide range of new physics, which will be explored
in the next section.
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2.2 The Laser: Enabling Stimulated Scattering

The discovery of the laser in the 1950s, with the first experimental demonstration
of a Ruby laser by Maiman in 1960 [27], truly changed the face of optics, photonics
and technology in general. For optics, the laser provides a coherent and powerful
light source, which can be tailored to emit over a wide range of spectral regions.
Of relevance to this thesis is the birth of nonlinear optics, where the interaction of
an intense optical field with a medium changes material properties, which can
alter the conditions of a transmitted probe wave. Interactions which had been
observed to occur spontaneously, in particular Raman and Brillouin scattering,
were discovered to have stimulated analogs. Here I will detail the initial discoveries
of stimulated scattering and investigations which led from these discoveries.

Though initial lasers were much more powerful than previous optical sources,
these stimulated processes were not observed until the invention of Q-switched
lasers [28]. In Q-switched lasers the properties of the lasing cavity are varied in
time, allowing for the large internal circulating powers to be rapidly released as
optical pulses which can have orders of magnitude higher powers than the input
laser. When performing experiments with their Q-switched Ruby laser, Woodbury
and co-authors found an emission of a second set of frequencies, accompanying
the normal lasing output, which did not correspond to any fluorescence in Ruby
[29]. Further experiments led to the realisation that this emission was due to the
nitrobenzene material in the laser cavity used to perform the Q-switching, and
that the emission frequency matched Raman emission frequencies [30]. These
diligent experiments were performed with a number of liquids, such as toulene
and benzene, and in all cases anomalous emission was observed which matched
to measured Raman peaks. Furthermore, some experiments found laser action
which was accompanied with no clear measurable absorption, i.e from a material
resonance, indicating that Raman scattering was providing the optical gain for
the lasing process.
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Figure 2.5: (a) Experimental setup of Q-switched ruby laser [28] (b) "Giant” pulsations measured
from Q-switched system. The origin of the pulses were discovered later to be stimulated Raman
scattering in the Kerr cell medium.

While emission at the Raman frequencies indicates that Raman scattering was
indeed the cause, it was not completely clear if the scattering was of a stimulated or
spontaneous nature. In the 1963 work "Theory of Stimulated Raman Scattering [31],
Hellwarth, a co-author of the previous works, provided details on how Raman
scattering could provide gain similar to that of a typical lasing system. A large
number of works quickly explored this area, summarised in this review from
late 1963 [32] which covers the Woodbury results and later developments. Of
significant importance were experiments observing multiple orders of stokes and
anti-stokes emission [33, 34]. Thresholding effects were observed for different
orders, and the directions of emissions varied between the different orders, with
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anti-stokes lines featuring cone-like emission in the forward directions. These
results brought about a new realisation for the mechanisms causing these effects
[35], as indicated by this quotation from Stoicheff,

Consider that the intense maser radiation excites by means of the
Raman effect a set of molecules vibrating coherently at the Raman
frequency. The resulting variation in refractive index acts like a “phase
grating” which then modulates and scatters the original light, thus
producing sidebands or many Stokes and anti-Stokes frequencies.

The realisation that stimulated Raman scattering may be thought of as coherent
molecular oscillations, i.e coherent optical phonons, induced by the pump light
led the members of Townes group at MIT to ask the question: what about coherent
oscillations of acoustic phonons? Experiments investigating this question led to
the first demonstration of SBS, published in Physics Review Letters in 1964 [36].
The introduction to the work shows the clear inspiration of earlier results,

Stimulated Brillouin scattering of an intense maser beam, involving
coherent amplification of a hypersonic lattice vibration and a scattered
light wave, has been detected in quartz and sapphire. This process
is analogous to Raman maser action, but with molecular vibration
replaced by an acoustic wave of frequency near 3 x 10'° cps, and with
both the acoustic and scattered light waves being emitted in specific
directions.
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FIG. 1. Schematic of experimental arrangement.

FIG. 2. Fabry-Perot interferograms of the maser
radiation (rings labeled M) and of the Brillouin scattered
radiation (rings labeled B) from quartz.

Figure 2.6: (a) The experimental configuration used in the work of Chiao, a member of the group
of Townes [36] (b) The images from the two photographic plates. The reference plate captures the
initial pump beam while the secondary plate shows the Brillouin scattered components.

The configuration of the experiment is shown in fig. 2.6 with the Brillouin
scattering occurring within a quartz or sapphire crystal. Fabry-Perot interfero-
grams were used to monitor the scattered light, with a reference interferogram
measuring the input pump, with the very clear scattered Brillouin lines shown in
tig. 2.6. The scattered light was of comparable power to the input pump, orders
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of magnitude larger than any expected spontaneous scattering, indicating that
significant buildup of the acoustic wave was occurring. Finally, it was claimed
that the quartz and sapphire crystals experience extensive internal fractures from
the optically induced acoustic waves.

With initial demonstrations of SBS established in crystals, subsequent work ex-
perimented with different pumping configurations and materials, such as liquids
[37]. Theory work on the dynamics of SBS rapidly progressed over the following
years [38], in particular the work of Tang [39] explored depletion effects, condi-
tions for spontaneous Brillouin generation and the effect of pump pulse shape
on gain efficiency. The theory work investigating pump pulses was reinforced by
the experimental work of Pohl [40], which used an interesting amplifier-oscillator
configuration, shown in fig. 2.7, to accurately characterise phonon lifetimes and
Brillouin gain coefficients in six liquids.
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Figure 2.7: Amplifier oscillator configuration utilised in the work of Pohl [40]. The relative phonon
lifetime and gain coefficient could be characterised to high precision.

2.3 Brillouin Scattering in Early Optical Fibers

With a basic understanding of SBS well established within a few years of the laser
gaining wide use, investigations extended to newer areas, such as investigating
acoustic properties of semiconductors and understanding Brillouin scattering in
fibers and surfaces.

For nonlinear optics, optical fibers and waveguides provided significant advan-
tages to previous free space experiments. Fibers provide tight mode confinement
and diffraction free environment, with attainable interaction lengths orders of
magnitude beyond free space propagation in bulk media. These benefits were first
demonstrated in the 1970 publication of Eric Ippen, in which a Raman oscillator
was formed with the primary gain medium being a 1 m long liquid core optical
fiber [41]. A similar experiment was later repeated with a glass fiber medium
by Stolen and Ippen [42]. In these experiments both single pass and resonator
configurations were explored and the Raman gain was characterised in both cases.
SBS was also observed in a 9 m long single pass fiber during these experiments,
however the Raman response was dominant due to the wide spectral width of the
pump source. The authors identified the multi-THz wide Raman response in the
glass fibers as a possible gain medium for amplifiers, a very prescient prediction
when one considers that fiber based Raman amplifiers are still in use today.

While fibers proved to be a suitable medium for performing nonlinear optics, it
was quickly understood that they may be foo effective. In 1972 Smith investigated
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the optical power handling capacity of low loss fibers, which had developed
quickly after the predictions of Kao [43], due to the effects of Brillouin and Raman
scattering [44]. It is important to keep in mind that due to the guidance conditions,
unlike in a bulk medium, fibers only allow for optical propagation in forward
and backwards directions. To determine the threshold Smith summed up the
contributions of spontaneous scattering along the length of the medium and used
this as an effective input probe at the far end of the medium. This probe then
experiences Brillouin amplification due to the pump wave and, if the output
probe is of similar power to the input pump, then depletion will occur and the
output pump power will become saturated. Smith formulates a simple equation
to determine the “critical power” at which depletion should occur, which will
be discussed in section . Smith determined that the critical power to be in
the range of 35 mW, using parameters of state of the art fibers, a value which was
certain to be a severe limitation to fiber communication systems. Experimental
confirmation of the work of Smith was performed by Ippen [45]. Ippen performed
single pass SBS experiments with short fibers, around 20 m length and with quite
high loss of 1.3dB /m, and observed SBS threshold effects with pulses with peak
powers less than 1 W. The setup and some results from this work are shown in
tig. 2.8. After comparing the results with the formula of Smith it was concluded
that

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

The power limitation caused by SBS became a significant issue as fiber losses
improved. A number of strategies were developed to mitigate the effects of SBS in
fiber including: tailoring the fiber properties, broadening or dithering the pump
beams frequency, and using pulses shorter than the acoustic lifetime to prevent
acoustic wave buildup [46].
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FIG. 1. Experimental arrangement for the observation of back-
ward stimulated Brillouin scattering (SBS).

(b}

FIG. 2. Oscilloscope traces of (a) input and transmitted signals
and (b) stimulated backward scattering. Fiber length, 5.76 m;
time scale, 200 nsec/div.

Figure 2.8: Single pass SBS measurements in a glass optical fiber [45]. (a) The experimental
setup detectors measuring the input, transmitted and reflected pulses (b) The oscilloscope traces
demonstrating the effects of pump depletion and the Stokes generated pulse in the back direction.

The strong buildup of SBS in long lengths of fiber enables the possibility of
low threshold Brillouin lasers. In 1976, Hill formed the first continuous wave
(CW) Brillouin laser using a fiber ring within a free space cavity [47]. The 10m
cavity length required a Fabry-Perot filter to select one longitudinal cavity mode.
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The lasing threshold was a low CW power of 250 mW, significantly reduced from
the multi W peak powers in the earlier work of Ippen and Stolen. In the same
year, Hill also experimented with a Fabry-Perot configuration, where partially
reflective mirrors were placed at each end of fiber [48]. Significant cascading was
observed with up to 14 new frequency lines generated, with both anti-Stokes and
Stokes waves being observed. No mechanism for the relative distribution of power
between all the generated waves was given. The threshold improvement in these
cavities is due, in part, to the high circulating powers within the resonator. In 1982,
Stokes demonstrated an all fiber resonator, with a fiber directional coupler being
used instead of mirrors, which enabled significant reduction to optical losses [49].
Predicting that such cavities would greatly improve nonlinear effects, Stokes then
demonstrated Brillouin lasing with a sub mW threshold of 0.43 mW. It was shown
that a correct cavity configuration can enhance the circulating power of the pump
and scattered light, leading to the drastically reduced thresholds observed in the
experiments [50]. Setups and measurements from these early works is shown in
fig. 2.9.
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Fig. 1. All-fiber stimulated Brillouin ring laser showing input
pump power P;, resonant circulating pump power P,, and
backward-traveling stimulated Brillouin wave.
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FIG, 1. Schematic of Brillouin ring-laser apparatus. The ring
consists of the optical fiber together with the beam paths de-

fined by the 4% and 50% partial reflectors. The pump-beam
throughput is monitored by the pump-beam detector.
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Fig. 2. Frequency trace of fiber resonator reflected waves (a)
below stimulated Brillouin lasing threshold and (b) above
threshold. Horizontal scale is 1.25 GHz per large division.

Figure 2.9: Brillouin laser apparatus used by Hill in (a) loop [47] and (b) Fabry-Perot [48] configu-
rations. (c) The all-fiber laser used by Stokes [50] (d) Measurement above lasing threshold.

These initial works investigating Brillouin scattering in fiber assumed that the
acoustic properties of the scattering medium to be the same as a bulk medium.
In 1972 Sandercock, following experiments investigating Brillouin scattering in
Silicon and Germanium [51], continued his research by performing experiments
on thin films of various media [52]. This work, titled ”Structure in the Brillouin
Spectra of Thin Films”, found that sharp boundaries in the thin films investigated
greatly change the nature of propagation of acoustic waves, in particular for
structures suspended in air. The slab formed an acoustic cavity, similar to an
optical Fabry-Perot etalon, yielding multiple individual lines under the Brillouin
lifetime envelope, as shown in fig. 2.10.
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The group of Stegeman followed up the initial results of Sandercock with a
number of investigations in films, externally probing the slab from free space
and also propagating light through the slab waveguide [53]. In this work they
mention the effects of the waveguide boundary, and the additional ”corrugation
forces” which appeared due to the presence of the boundaries in these new devices.
These boundary forces are of critical importance to modern small core waveguides,
which we explore throughout this thesis in a number of areas, in particular in
section 4.5.2. They developed early theory looking at the importance of guidance
in the case of fibers [54], and concluded that only below certain dimensions should
guidance become significant for typical backwards SBS [55]. The experimental
measurements were very precise, utilising an automated Fabry-Perot system [56],
and could separate scattering contributions from the core and cladding regions of
the investigated fiber, as shown in Figure 2.10. The discussion of the paper is also
highly detailed and mentions points such as

With a suitable choice of cladding material, it would be possible to
vary the lifetime of the acoustic normal modes and thus change the
threshold for stimulated Brillouin scattering

and also suggests using Brillouin lasing in a fiber resonator as a rotation sensor.
It is clear that, having developed an understanding for thin film conditions, the
importance of guidance of acoustic waves in fibers was becoming understood.
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) Ay —-—V, = 8330 m/s
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S
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(b) FREQUENCY SHIFT (GHz)

FIG, 1, Comparison of experimental spectrum with the bulk
phonon and scattering theory (-<-.-), and the theory outlined
here (—) [and(---)]. The velocity of longitudinal sound in a
bulk sample of LAKN16 is 6330 m/s, The Brillouin peak
corresponds to 5 counts/s.

LT @ e
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+ 1000 LONG.

-8, 0 5

0 : :
Frequency shift fe . A
FIG. 1. (a) A normal Brillouin spectrum, (b) the ex~- 0 5 30 35
pected spectrum from a thin supported film, (c) the
possible frequency shifts in the spectrum from a thin FRE
unsupported film, and (d) the observable spectrum QUENCY SHIFT (GHZ)
from a thin unsupported film, FIG. 8. Experimental Brillouin spectrum from a

single-mode optical fiber (180° scattering geometry).

Figure 2.10: (a) Brillouin scattering properties of thin films [52] (b) Measured Brillouin scattering

in slab waveguide [53]. The measured shift differs from predictions of bulk material (c) Brillouin

spectrum from a single mode fiber, discriminating contributions from the waveguide core and
cladding [55]
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2.3.1 Guided Wave Brillouin Scattering and Early SBS Applications

Interest in nonlinear optics in fibers extended far beyond stimulated scattering,
as reviewed by Stolen in 2006 [57], and even at this early stage applications were
extending into a wide range of areas, such as quantum physics. The squeezing
of vacuum noise below the quantum limit was of significant interest [58] and
experiments were still being conducted in 1985 to achieve the first demonstra-
tion. Nonlinear effects in fibers had been identified as a possible mechanism for
squeezing, and during their work, experimentalists at IBM identified a new noise
source which may prevent measuring squeezing below the vacuum level. This
noise source is due to spontaneous Brillouin scattering, in the forward propagation
direction. Over two seminal papers Shelby discusses the effect [59, 60], termed
guided acoustic wave Brillouin scattering (GAWBS). In a bulk medium, under the
standard Bragg conditions and acoustic dispersion in bulk, forward scattering
should produce a zero frequency shift. However, in fiber the acoustic modes
are guided by a cylindrical structure, with the boundary conditions producing
sets of transverse acoustic modes which induce strain (mixed torsional modes) or
“dilate” the core (radial modes). The result of these oscillating acoustic modes is,
somewhat surprisingly, that of a phase or polarisation modulation which occurs
at the relative acoustic frequencies of the different modes. This modulation was
predicted to produce significant amounts of noise and a further theory paper de-
tailed how to suppress both SBS and GAWBS within a fiber system [61]. Following
these developments Shelby demonstrated the first fiber squeezing results, using a
100 m fiber resonator cooled to 4K [62]. The observed squeezing was achieved
within a limited bandwidth due to a number of GAWBS peaks. Results of the
combined works are shown in Figure 2.11.
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FIG. 3. Normalized noise spectrum under the conditions
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incoherent source yielding the same dc current at the experi-
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fiber. Noise levels below the standard quantum limit appear
around 45 and 55 MHz.

Figure 2.11: (a) Setup for measuring depolarised GAWBS (b) Measured GAWBS [59] (c) Frequency
dependence of squeezed light in fiber [62]
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In a more traditional realm, research into key components for telecommu-
nications was still undergoing significant focus in the mid 80s [63]. Due to the
narrowband range, significant strength and ease of tunability, Brillouin scattering,
in the form of fiber Brillouin amplifiers (FBA) was receiving interest for use as
amplifiers within telecommunications systems [64, 65]. Initial results were quite
promising, with SBS in fiber used to amplify communications signals on the order
of 20 dB, and achieve error free transmission. However it was quickly found that
the significant noise from amplified spontaneous Brillouin scattering in these
amplifiers was a serious issue that had to be designed around [66]. The severity
of this effect arises due to the number of thermal phonons at room temperature,
and was first described in detail in the work of Tang [39]. If a strong probe signal
is used the effects are diminished, however the dynamic range of the amplifier
suffers. The invention of the erbium doped fiber amplifier (EDFA) in 1987, capable
of providing high gain and low noise figure within a few years [67-69], has led to
Brillouin amplifiers only being used in niche applications. As described in the
conclusion of one of these early papers by Tkach and Kraplyvy [66]:

The large noise figure effectively removes the FBA from consid-
eration for receiver pre-amplifier applications, since present direct-
detection receivers are within 20 dB of the quantum limit...Thus, the
FBA may not find wide application as an amplifier per se, but instead
as a tunable optical filter.

Brillouin amplification has indeed found applications as tunable optical filters, in
particular in the area of microwave photonics, which will be discussed in further
detail in Chapter 8.

An interesting application explored during the mid 80s was that of acousto-
optical frequency shifters or filters, utilising mode conversion induced by guided
acoustic waves. Mode conversion using collinear acoustic waves had previously
been explored in integrated waveguides, but this was accompanied by high optical
insertion losses [73, 74]. In 1986 Kim et al published the work ”All-fiber acousto-
optic frequency shifter” in Optics Letters [70]. A guided acoustic wave, induced by an
external acoustic oscillator and acoustic horn, is used to efficiently convert light
from the LP¢; fiber mode to the LP1; mode. This mode conversion is accompanied
by a frequency shift corresponding to the frequency of the utilised guided acoustic
mode. Finally a spliced fiber was used to strip any of the remaining LPy; mode
after transmission, providing high extinction between the frequency shifted wave
and the original input. A detailed theory paper following the experimental work is
was published in 1988 [75]. While the above work uses guided acoustic waves for
mode conversion, they are induced by an external source, unlike typical Brillouin
scattering. Following this, Russell published some initial experimental work on
forward Brillouin scattering between two modes of a dual mode fiber [72]. A
detailed theory paper soon followed, describing a number of different aspects
of this interaction [71]. The paper indicated that this scattering process, which
we refer to as forwards intermodal Brillouin scattering (FIBS), is distinct from
GAWRBS due to the stimulated nature of the interaction occurring between the
different optical and acoustic waves, being

...based on a genuine collinear phase matching between the three
distinct guided waves and displaying a stimulated threshold... The
inter-modal beating between the pump and Brillouin light excite, via
electrostriction, a flexural acoustic wave that couples power between
the modes.



Chapter 2. Historical Overview of Brillouin Scattering 19

SINGLE DOUBLE
(@) wooe  moe R Lo (c)
FIBER FIBER E—
- : Brillouin (LR, ) pump (LR )
1 [
O
U TRAVELING sound (32 GHz)
LP, MODE ACOUSTIC  |py MODE™Zs" BSBS ]
STRIPPER Q'Z\S’EURA'- STRIPPER _PmeGR) |
FSBS (@) ey |
i Brillouln (LB ) foryara |
(a) i} i“n,d a7 MHx)}
I Britloutn (LR ) l
Wo DAMPER wgq DAMPER Wo — Wq |FSBS (b) ST :
—>$ | pump@r,)  batewad |
LP, - found (17 MHz){
MODE Fig. 2. Wavevector conseivation in normal backscattered SBS, LPy, —

LP,, FSBS, and LP,, = LP,, FSBS. The arrows represent (schematically)
the wavevectors, pointing parallel to the phase velocities of each wave.
Note that in FSBS (b), the acoustic phase velocity is negative.

(b)

Fig.1. (a)Schematic diagram of an all-fiber-optic frequen-
cy shifter with mode filters for the LPy; and LP;; modes and
a traveling acoustic flexural wave. (b) Frequency shifting in
a double-mode fiber using intermodal coupling by an acous-
tic flexural wave excited by an acoustic horn.

f !

WITHOUT WITH
ACOUSTIC ACOUSTIC
SIGNAL SIGNAL

Fig. 2 Spectrum
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Figure 2.12: (a) Scheme for mode conversion and frequency shifting using acousto-optic effect [70]

(b) Measured mode shifting with appropriate acoustic signal (c) Phasematching conditions for SBS,

and inter-mode scattering [71] (d) Experimental measurement of forward inter-mode SBS in optical
fiber [72]

The comprehensive paper by Russell explores the dynamics of this process, high-
lights how the gain scales with geometry and compares the relative thresholding
effects between normal SBS and FIBS. While later work on acousto optics devices
continued to use external acoustic generation [76], further work exploring FIBS
would not occur for another decade, when new fiber waveguides based on pho-
tonic crystals began to emerge. We will discuss this, and the new dynamics which
were realised with these devices, in section

2.4 Brillouin Scattering in Modern Devices

Now that we have established historical context for Brillouin scattering, we will
focus on key research within the past decade, particularly on investigations of
waveguide devices with wavelength-scale geometries. For the sake of clarity,
this section will split waveguide devices from resonators so that progress can be
tracked in both areas independently.

2.4.1 Brillouin Scattering in Small Core and Photonic Crystal Fibers

As discussed in section 2.3, it was quickly understood that the guided nature
of acoustic waves in fiber may affect the interaction when compared to that in
a bulk media [54, 55]. In the work of Thomas [55], it was predicted that the
diameter of the core would need to be in the range of a 4 x the wavelength before
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guidance would significantly affect the longitudinal acoustic modes of the core,
for waveguides where v > vSlad, Later theory and experimental work showed
the situation could be even more complex and that for many fiber dopants leaky
acoustic modes also should be considered [77-79], in particular for the case of
00" ~ v5ad, In 2002 Yeniay performed sensitive characterisation measurements
of 4 different fibers: Allwave, Truewave, dispersion compensating and high-Ge
doping [80], with remarkably varied responses observed in the different fibers,
further cementing the importance of these considerations.

It is within this context that the group of Phillip Russell was exploring acoustic
and optical confinement within photonic crystal fibers (PCFs) [81]. In particular,
they found that tailoring the geometry of the holes within a fiber preform could
create a phononic bandgap, in the MHz frequency range, which may allow for
the enhancement or suprression of light sound interactions. In 2006 the group of
Russell, led by Dainese [82], investigated SBS in PCFs with large air holes and
small cores with varying diameters. The results of this work show the typical
fiber SBS peak located at 11 GHz split into 3 peaks centered around 10 GHz, for
core diameters < 4um. Simulations in the paper indicate that the geometry
acts close to that of a solid core suspended in air. Detailed calculations with the
fabricated device geometry showed the highly varied Brillouin spectra as the
diameter was changed, as summarised in fig. 2.13. Another curious result was the
large increase in the SBS threshold, even though the effective area of the fiber is
reduced. The majority of the reduction is due to poor overlap of the highly confined
acoustic modes with the optical modes, with a small amount being caused by the
strong z-component of the electrical field (which is opposite for the forward and
backward travelling optical waves).
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Evolution of the Brillouin backward scattering spectrum as the strand
diameter is reduced, showing the splitting. The spectrum was calculated through
_25 the evaluation of the overlap between the optical mode with the axial-radial family

of acoustic modes. The greyscale shading of the curves represents the strength of
-30 the acousto-optical overlap, and for each diameter the calculated spectrum was
—_35 normalized to the peak value. As the strand gets thinner, the spectrum splits into
multiple peaks and the frequency shift of the major peak decreases.

Frequency (GHz)
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Figure 2.13: (a) SBS spectrum from small core PCFs (b) Increase in SBS threshold as core diameter
is reduced (c) Simulations of SBS spectra for a range of core diameters. Significant mode splitting
occurs, as described in the figure caption [82]

While the modification of SBS in small core PCFs, mostly due to the change in
guided acoustic wave properties, has some physical intuition based on the prior
SBS literature, a far more remarkable result was also demonstrated by the group
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of Russell in 2006. This work, titled ”Raman-like scattering from acoustic phonons in
photonic crystal fiber” and published in Optics Express, describes a configuration
where the scattered light within a PCFs displays “Raman-like” properties, with
dynamics unlike any previously observed Brillouin interaction [83]. The strong
acoustic confinement, provided by GHz phononic bandgaps formed by the PCFs
geometry, results in a high overlap of optical and transverse acoustic modes. These
transverse modes have a non-zero frequency for scattering in the forward direction,
similar to GAWBS but at higher frequencies and altered modal properties due to
the tight confinement in the small suspended core. The experiments investigating
the stimulated Raman-like scattering (SRLS) used short laser pulses, in the 50 ps
range, to excite acoustic waves and monitor their response on a quasi-CW pulse.
The frequency response was calculated from Fourier transforms of the measured
time domain response. While highly intriguing, the dynamics of this interaction
were not deeply explored until follow up work was published in 2009 in Nature
Physics [84]. A PCFs with a high air-filling fraction of 74 % and diameter of 1.6 um
resulted in a strong photon-phonon interaction with a 1.8 GHz R -like transverse
acoustic wave. Pump-probe measurements were performed with two CW waves
spaced by the 1.8 GHz acoustic shift and co-propagated through the PCFs, and
determined a gain coefficient of 1.5m™' W=1. When the dual frequency pump
was increased in strength, cascaded energy transfer occurred between multiple
lines and a 14 line frequency comb spaced by the 1.8 GHz acoustic frequency was
generated.

In 2010 the group of Russell again explored Brillouin interactions in small
core air clad PCFs [85]. In this case they looked at forward inter-polarization
scattering (SIPS), equivalent to the FIBS which Russell had investigated 20 years
prior in fiber [72] as discussed in section . The same PCFs was capable of
SIPS and SRLS allowing the dynamics of the different schemes to be explored
with the same experimental system. Unlike SRLS, where strong cascading was
easily observed, the SIPS interaction occurred only between two co-propagating
waves due to the strict phasematching conditions. We explore the phasematching
requirements in fine detail in section 4.4. SIPS is capable of exponential gain,
like typical SBS, but the modified phase matching conditions result in a different
frequency dependency with wavelength [86]. The SIPS interaction was later used
as a reconfigurable isolator, utilising the directional (and frequency) dependence
of the phase matching process to attenuate (or amplify) a wave in one direction
but not the other [87].

2.4.2 Brillouin Scattering in Planar Waveguides

While SBS was well established in fiber, with some preliminary measurements of
Brillouin scattering in thin films during the 70s (see section 2.3), the first demon-
stration of SBS in a planar optical waveguide was not achieved until 2011 [88].
Central to this result was the use of soft glass chalcogenide waveguides, made of
amorphous As;S3, which provided acoustic confinement and large opto-acoustic
overlap while on a SiO, substrate. The waveguide consisted of an 7cm long
850 nm thick As,S; rib waveguide, with a width of 4 pym and a 30 % partial etch,
cladded with a thin 150 nm layer of SiO,. A strong quasi-CW pump laser was used
to perform back scattering measurements, which determined an SBS frequency
shift of around 7.7 GHz, in line with previous SBS demonstrations in As;Ss; fiber
[91]. Pump-probe measurements determined a natural linewidth of 34 MHz and
a Brillouin gain coefficient of 300m~! W1, on the order of 1000x higher than
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and forward inter-mode scattering (e) Comparison of dynamics of inter-mode scattering and SRLS
from [85].

SME-28 fiber with a typical gain of around 0.2m™! W~!. SBS amplification of
16 dB, and later 22 dB [92], was achieved for coupled powers of a few 100 mW.
These waveguides were used to demonstrate a number of applications including
slow light [92], dynamic gratings [93], controlling nonlinearities [90] and optical
filtering [94] in the following years. Improved versions of these devices have re-
cently been demonstrated with up to 50 dB of gain utilising long effective lengths
[89]. Results of these works are summarised in Figure 2.15 and SBS in soft glass
waveguides is discussed in fine detail in Chapter 5 of this thesis.

Traditional SBS devices, bulk media and waveguides, rely purely on interac-
tions induced via electrostriction in the medium. Following significant research
into cavity optomechanics [97-99], which focuses primarily on boundary forces,
Rakich published a theory paper investigating the control of optical forces in
waveguides in 2010 [100]. This work incorporates the effects of electrostriction
and radiation pressure, and finds that the forces interfere constructively or de-
structively depending on material properties and device geometry. In 2012 this
work was reformulated to look specifically at the changes in SBS gain, with the
significant effects represented in the title ”Giant Enhancement of Stimulated Brillouin
Scattering in the Subwavelength limit” [95]. The SBS gain of a silicon nanowire
surrounded by air, in forward and backwards configurations, was explored for a
variety of geometries. Compared to previous scalar theory, massive increases to the
Brillouin gain were expected, with coefficients reaching values above 103> m~ W1
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and RP (blue). (b) An identical set of curves for FSBS. In comparison, the i i SBS theory (gray curves)
underestimates the BSBS gain by up to 2 orders of magnitude for length scales between 250 nm and a few microns. For further
details on the microscale SBS trend (gray curves), see Appendix A. The dimensions where radiation pressure is dominant are shaded
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Figure 2.16: (a) Giant Brillouin gain predicted in small core silicon waveguides [95] (b) Hybrid Si
and SizNy membrane waveguides (c) Brillouin amplification of 0.4 dB in hybrid membrane [96]

for backwards SBS. The enhancement was even more significant for forward
Brillouin scattering (FBS) (equivalent to the SRLS of Russell) with values beyond
10* m~! W~! with the assumed material properties. The key result of this work was
the unexpected massive increases to SBS gain coefficient in these sub-wavelength
waveguides, kicking off significant experimental research in this area. Finally,
a further reformulation of the theory in 2013, again involving Rakich, makes
simulations more accessible through the use of standard device parameters and
overlap integrals of optical and acoustic modes [101]. We discuss calculations of
the Brillouin gain coefficient in fine detail in section 4.5.

The theory work of Rakich was followed soon by initial experimental results.
The 2012 work "Tailorable stimulated Brillouin scattering in nanoscale silicon waveg-
uides”, published in Nature Communications and headed by Rakich, demonstrated
FBS in a hybrid photonic-phononic waveguide formed of Si and SizNy [96]. A
silicon core (313nm x 194 nm) confined the optical mode while a membrane of
SizNy with a thickness of 124 nm supported the waveguide in air. This membrane
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had periodic air holes (100 pm length) which provided lateral acoustic confine-
ment, and the width of the membrane would determine the properties of the
guided acoustic waves. Very high gain coefficients in the range of 2500 m~! W1
were measured, however Brillouin amplification was restricted to 0.4 dB due to
high linear losses of 7dB /cm and short physical device lengths of a few mm. An
interesting extension of this work focused on an emitter receiver concept pub-
lished in 2015 [102]. A phononic crystal was formed, instead of the large air gaps
previously utilised, around the main membrane structure. This greatly improved
the mechanical quality factor, with MHz range linewidth, and allowed for the
possibility of placing a second waveguide in close proximity. An acoustic wave
generated in one waveguide could then tunnel into the other waveguide, inducing
modulation on a travelling optical probe wave, with optical responses with very
fast falloffs akin to a 2nd order optical filter.
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