





Dear participants,

itis a great pleasure for us to welcome you to the 23rd edition of the European Conference on Integrated Optics
- ECIO 2022.

Our pleasure is made particularly deep by the fact that, three years after the 2019 edition in Ghent, ECIO is back
as a full-in-presence conference. We made the decision to go with this traditional format well aware of the
possible risks, but fully supported by the entire Steering Committee and strongly motivated by the honor of
hosting this first post-pandemic edition. At the end we are here, so we share with you our happiness in saying

“Welcome to Milano!”.

We would like to thank you all for the great participation, far beyond our best expectations. The number of ECIO
2022 attendants is in line with pre-pandemic editions, meaning that our community was really waiting for a
return to live events with face-to-face interactions. The conference program is very rich with 8 plenary and
keynote speakers, 14 invited speakers, 52 oral contributions, 67 posters and 14 exhibitors. A shared opinion by
the Steering Committee is that the technical level of the contributions is very high. This means that scientific
research has not slowed down, despite all the difficulties and limitations we have had to face in recent years.
Browsing through the conference program you will see how much integrated optics has progressed and
penetrated into new fields of application, such as photonic computing and neural networks, quantum
communications and processing, advanced sensing and spectroscopy, extending also to new wavelength
ranges (from extreme UV to Terahertz). This evolution guided our choice to organize the conference program

according to “application-oriented” technical sessions.
The conference will be held at the Politecnico di Milano, the largest technical university in Italy, with more than
40,000 students. We hope you will find here a pleasant and lively environment, where to spend three days full of

science, culture and social events (without ever forgetting the health regulations).

We warmly thank the sponsors for their support and all the members of the Local Organizing Committee who
have given a fundamental contribution to make all this possible.

Enjoy ECIO 2022, enjoy Milano,

Andrea and Francesco
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Invited Speakers ECI0 2022
Plenary Speakers

Volker Sorger, George Washington University, USA
Photonic Black-box Modules for Machine Intelligence

Paul Prucnal, Princeton University, USA
Prospects and Applications of photonic neural networks

Keynote Speakers

David Marpaung, Twente University, Brillouin scattering in silicon nitride photonic circuits
Haisheng Rong, Intel, Recent advances in silicon integrated photonics for high-bandwidth and
energy-efficient optical interconnects

Laurent Vivien, CNRS and Univ. Paris Saclay, Advances and trends of Si photonics

Meint Smit, TU/e Eindhoven University, History and perspectives of an InP-based generic foundry
approach

Rajeev Ram, EECS MIT, High-Performance CMOS Photonic Interfaces: From Al to IoT and Everywhere

Between
Thomas Krauss, York University, What to do, and what not to do, to get published in OPTICA

Invited Speakers

Antonella Bogoni, SSSA and Inphotec, Integrated microwave photonics
Christine Silberhorn, University of Paderborn, Quantum photonics based on nonlinear integrated optics

De Angelis Costantino, Universita di Brescia, Integrated THz-photonics transceivers by all-dielectric phonon-
polariton nonlinear nanoantennas

Fredric Boeuf, STm, Beyond Interconnects Applications using a 300mm Silicon Photonics Technology

Helene Debregeas, Almae Technologies, Towards passive hybridization of high-power and high-speed InP
transmitters

Hugh Podmore, Honeywell Aerospace, Waveguide Fourier Transform Spectrometers for Remote Sensing and
Raman Spectroscopy

Jaime Garcia, Nanophotonics Technology Center - UPV, High performance photonic devices based on photonic
crystal bimodal interferometers

Lorenzo Pavesi, Universita di Trento, Silicon photonics neural networks in optical communications

Nathalie Picqué, Max-Planck Institute of Quantum Optics, On-chip frequency comb interferometry

Paolo Villoresi, Universita di Padova, Quantum Communications protocols enhanced by integrated Optics

Peter Banzer, University of Gratz, Rethinking Sensing — Developing Next Generation Camera Technology

Renato Lombardi, Huawei, Advances on 5G, research directions and role of optical technologies - An industry
view

Tian Gu, MIT, Integrated optical interfacing using a freeform 3-D coupling platfor

Wim Bogaerts, Ghent University - IMEC, Does the world need general-purpose programmable photonics?



Program at a glance

Wednesday May 4th Thursday May sth

08:30 Registration 08:30
09:00 Keynote T.K.1 09:00
09:30
_ 09:45
T.A PICs for T.B Sensing &
) ) quantum optics ranging
Registration
Coffee Break 11:15
T.C Comb & T.D Periodic 11:45
. supercontinuum structures &
12:30 generation Meta-Devices
Lunch
Lunch 13:15
_ 13:45
14:00 Opening Ceremony Lunch, Poster T.P
14:30 &
Plenary Exhibitors Session
P1 & P2
Keynote T.K.2 & T.K.3 15:45
16:00 Coffee Break
16:30
High Score 16:45
Session T.E Laser T.F Spectroscopy
Integration & MID-IR
18:00 OPTICA
18:30 Poster W.P
19:15 19:15

Welcome cocktail Gala Dinner




Program at a glance

Politecnico di Milano
Friday May 6th

Registration
Keynote F.K.1

F.A Microwave F.B Waveguide
photonics & technology
Terahertz & coupling

Coffee Break

F.C Advances F.D Neural
in silicon networks &
photonics quantum sources

Lunch

F.F Integrated
platforms for
visible & XUV

Coffee Break

Keynote F.K.2 & F.K.3

F.D Programmable
photonics

Closing Ceremony
& Awards

Room: 3.0.3

Room: De Donato

Chiostro & Room: 3.0.2

08:30
09:00

09:45

11:15
11:45

13:15

14:30

16:00
16:30

17:30



Scientific Program
Wednesday, 4" May 2022

Umanitaria

09:30 to 12:30 REGISTRATION
12:30 to 14:00 LIGHT LUNCH
14:00 to 14:30 OPENING CEREMONY

14:30 to 16:00 PLENARY
Session Chair: Andrea Melloni, Politecnico di Milano

P1 Photonic Black-box Modules for Machine Intelligence
Volker Sorger, George Washington University, USA
P.2 Prospects and Applications of photonic neural networks

Paul Prucnal, Princeton University, USA

16:00 to 16:30 COFFEE BREAK

16:30 to 18:00 HIGH SCORE SESSION
Session Chair: Wolfgang Freude, Karlsruhe Institute of Technology

W.B.1 Monolithically Integrated Electronics in Zero-Change Silicon Photonics
Francesco Zanetto, Politecnico di Milano, Italy
W.B.2 Multi-channel optical coherence tomography with a CMOS silicon nitride
photonic integrated circuit
Stefan Nevlacsil, AIT Austrian Institute of Technology GmbH, Austria
W.B.3 Hybridly Integrated Photonic Integrated Circuit for Wavelength and Polarization
Determination
Axel Schoenau, Fraunhofer-Institut fir Nachrichtentechnik, Germany
W.B.4 Generation of high-frequency phonons in silicon optomechanical crystal
Jianhao Zhang, Centre de Nanosciences et de Nanotechnologies, France

18:00t0 18:30 What to do, and what not to do, to get published in OPTICA
Thomas Krauss, York University, UK

18:30 to 20:00 POSTER SESSION (The Chiostro)

W.P.1 A Hybrid Optical Waveguide Platform for High-Performance Integrated Photonic
Devices
Hamed Nikbakht, Bob van Someren, Chunyu Lu, B. Imran Avci




W.P.2

W.P.3

W.P.4

W.P.5

W.P.6

W.P.7

W.P.8

W.P.9

W.P.10

W.P.11

W.P.12

W.P.13

W.P.14

W.P.15

W.P.16

O

Thermal and wiring optimizations of dense SOA arrays on an adhesively bonded
InP membrane
Yi Wang, Jorn van Engelen, Victor Dolores-Calzadilla, Kevin Williams, Meint Smit,
Yuqging Jiao
Practical characterization of InP Waveguides and MMI couplers using Mach-
Zehnder interferometers
Amer Bassal, Guillaume Binet, Wouter Diels, Axel Schénau, Oliver Abdeen, Moritz
Baier, Martin Schell
Compact ring resonator at 8 um wavelength
Natnicha Koompai, Thi Hao Nhi Nguyen, Jacopo Frigerio, Andrea Ballabio, Virginia
Falcone, Xavier Le Roux, Carlos Alonso-Ramos, Laurent Vivien, Adel Bousseksou,
Giovanni Isella, Delphine Marris-Morini
Subwavelength engineered silicon Bragg gratings for on-chip filtering with high
optical rejection and narrow bandwidth
Dorian Oser, David E. Medina Quiroz, Diego Perez Galacho, Xavier Le Roux, Sebastien
Tanzilli, Laurent Vivien, Laurent Labonte, Eric Cassan, Carlos Alonso Ramos
Performance tradeoffs in low-loss Si3N4 waveguides for linear and nonlinear
applications
Marcello Girardi, Victor Torres-Company, Anders Larsson
Mitigating Polarization Rotation Effects in Thin-Film Lithium Niobate
Waveguides
Gabriele Cavicchioli, Maziyar Milanizadeh, Giuseppe Cusmai, Roberto Longone,
Francesco Morichetti, Andrea Melloni
Minimisation of Parasitic Capacitance in Electro-Absorption Modulators for High-
Speed Operation
Jack Mulcahy, Xing Dai, John McCarthy, Frank Peters
New and efficient sacrificial layer for transfer printing technology
Hemalatha Muthuganesan, Fatih Bilge Atar, Agnieszka Gocalinska, Emanuele
Pelucchi, Brian Corbett
Fabrication and characterization of symmetric Au-nanostructures with SERS
activity
M. Lafuente, E.J.W. Berenschot, R.M. Tiggelaar, A. Susarrey-Arce, R. Mallada, M.P. Pina,
S.M. Garcia-Blanco, N.R. Tas
Comparison of Gaussian Process Kernels for Surface Roughness Modelling
Samuel Hérmann, Jakob Wilhelm Hinum-Wagner, Jiirgen Sattelkow, Desiree Rist
Designing a GaN photonic platform for near-IR applications
Megan O'Brien, Nicola Maraviglia, Vitaly Zubialevich, Brian Corbett
Micro-Transfer-Printed O-band GaAs QD llI-V-on-Si DFB Laser
Jing Zhang, Igor Krestnikov, Ruggero Loi, Peter Ossieur, Guy Lepage, Peter Verheyen,
Joris Van Campenhout, Gunther Roelkens
Iron Doping for Transfer Printed High Speed EAM
Shengtai Shi, Jack Mulcahy, Xing Dai, Frank H. Peters
Monolithic integration of photonic integrated circuits with silicon photodiodes
Martino Bernard, Fabio Acerbi, Mher Ghulinyan
Photonic flip-chip assembly of InP on TriPleX with laser soldering
Wenjing Tian, Lucas Beste, Alexander Khachikyan, Christoph Mittelstadt, Ronald
Dekker, Kerstin Worhoff, Joost van Kerkhof, Rui Santos, Kevin Williams, Xaveer
Leijtens



W.P.17

W.P.18

W.P.19

W.P.20

W.P.21

W.P.22

W.P.23

W.P.24

W.P.25

W.P.26

W.P.27

W.P.28

Low-stress Si3N4 waveguides on sapphire substrate
Kai Wang, E.J.W. Berenschot, M. Dijkstra, R.M. Tiggelaar, S.M. Martinussen, L. Chang,
W.A.P.M. Hendriks, B.T.H. Borgelink, R.N. Frentrop, V.V. Tkachuk, N. Tas, S.M. Garcia-
Blanco
A thick silicon photonics platform for quantum technologies
Matteo Cherchi, Arijit Bera, Antti Kemppinen, Jaani Nissild, Kirsi Tappura, Marco
Caputo, Lauri Lehtimaki, Janne Lehtinen, Joonas Govenius, Mika Prunnila, Timo
Aalto
Low Limit of Detection in Bulk Liquids Using a Fibre-Packaged Waveguide-
Enhanced Raman Sensor
Jérbme Michon, Priscille Bonnassies, Derek Kita, Carlos Alonso-Ramos, Laurent
Vivien, Juejun Hu
Wideband and large optical throughput Fourier-transform spectrometer
implemented on a silicon nitride chip
David Gonzalez-Andrade, Thi Thuy Duong Dinh, Sylvain Guerber, Nathalie Vulliet,
Sébastien Cremer, Stephane Monfray, Eric Cassan, Delphine Marris-Morini, Frédéric
Boeuf, Pavel Cheben, Laurent Vivien, Aitor V. Velasco, Carlos Alonso-Ramos
Deep-learning algorithms for resilience to fabrication imperfections in
integrated Fourier-transform spectrometer
Zindine Mokeddem, Daniele Melati, David Gonzalez-Andrade, Thi Thuy Duong Dinh,
Eric Cassan, Yuri Grinberg, Pavel Cheben, Dan-Xia Xu, Jens Schmid, Laurent Vivien,
Delphine Marris-Morini, Aitor V. Velasco, Carlos Alonso-Ramos
On-chip silicon nitride ring resonator for background suppression in Brillouin
spectroscopy
Giuseppe Antonacci, Kareem Elsayad, Dario Polli
Performance comparison of polarization rotator designs on 800 nm thick silicon
nitride platform
Georgios Patsamanis, Dimitra Ketzaki, Dimitrios Chatzitheocharis, Konstantinos
Vyrsokinos
Photonic chip based biosensing system with fully automatic alignment and
parallel detection capability
L. Chang, W.A.P.M. Hendriks, I. Hegeman, R.N. Frentrop, M. Dijkstra, J.P. Korterik, N.A.
Schilder, H.A. Seubers, S.M. Garcia-Blanco
Integrated optical readout layer for ultrafast real-time delay reservoir computing
Tigers Jonuzi, Mirko Goldmann, Apostolos Argyris, Ingo Fischer, Miguel C. Soriano,
David Domenéch
Dynamic labelling for enhanced biosensing with microring resonators
Piero Borga, Francesca Milesi, Nicola Peserico, Chiara Groppi, Antonio Fincato,
Riccardo Bertacco, Andrea Melloni
Towards an integrated optic-electronic-optic interferometer
Alexander Schindler, Felix Ganzer, Patrick Runge, Md Salek Mahmud, Sebastian
Randel, Martin Schell
Enhancing Sensitivity and Reducing Temperature Dependence of Contactless
Light Sensors
Vittorio Grimaldi, Francesco Zanetto, Fabio Toso, Francesco Morichetti, Andrea
Melloni, Giorgio Ferrari, Marco Sampietro



O

W.P.29 Photonic time-delay reservoir computing based on an asymmetric Mach-
Zehnder interferometer with reconfigurable memory capacity
Mohab Abdalla, Clément Zrounba, Raphael Cardoso, Guanghui Ren, Andreas Boes,
Arnan Mitchell, Alberto Bosio, lan O\'Connor, Fabio Pavanello
W.P.30 Experimental Characterization of sub-THz Wireless Communications Building
Blocks on a Silicon Platform
Kalliopi Spanidou, Robinson Guzman, Luis Orbe, Luis Gonzalez Guerrero, Guillermo
Carpintero
W.P.31 Design of a modular and scalable photonic-integrated WSS for multi-band
applications
Lorenzo Tunesi, Ihtesham Khan, Muhammad Umar Madood, Enrico Ghillino, Andrea
Carena, Vittorio Curri, Paolo Bardella
W.P.32 Programmable Integrated Photonic Circuits: applications for 5G, Computing,
Data Center and Sensing
Daniel Pérez Lépez

19:15 WELCOME COCKTAIL & POSTER



Thursday, 5" May 2022
Politecnico di Milano
From 08:30 REGISTRATION

09:00 to 09:30 PLENARY (Room: 3.0.3)
Session Chair: Andrea Melloni, Politecnico di Milano

T.K.1  High-Performance CMOS Photonic Interfaces: From Al to loT and Everywhere
Between
Rajeev Ram, EECS MIT, USA

09:45 to 11:15 PICS FOR QUANTUM OPTICS (Room: 3.0.3)
Session Chair: Roberto Osellame, Politecnico di Milano

T.A.1  Quantum Communications protocols enhanced by Integrated Optics - INVITED
Paolo Villoresi, Universita di Padova, Italy

T.A.2 PICTechnologies for Quantum Secure Communications
Taofiq Paraiso, Thomas Roger, Davide Marangon, Innocenzo De Marco, Mirko
Sanzarp, Robert Woodward, James Dynes, Zhiliang Yuan, Andrew Shields

T.A.3 Mid-infrared Ghost spectroscopy application using an entangled photons source

in silicon

Matteo Sanna, Davide Rizzotti, Stefano Signorini, Lorenzo Pavesi

T.A.4 Quantum photonics based on nonlinear integrated optics - INVITED
Christine Silberhorn, University of Paderborn, Germany

09:45to 11:15
Session Chair: Marc Sorel, University of Glasgow

Rethinking Sensing — Developing Next Generation Camera Technology - INVITED
Peter Banzer, University of Gratz, Austria
Integrated Computer Generated Waveguide Hologram for Versatile Free-Space
Beam Projection
David De Vocht, Tianran Liu, Yuging Jiao, Erwin Bente
Broadband optical beam steering over a wide field of view with a silicon
quadratic metalens
Yang Liu, Jianhao Zhang, Xavier Le Roux, Cedric Villebasse, Eric Cassan, Delphine
Marris-Morini, Laurent Vivien, Carlos Alonso-Ramos, Daniele Melati
Carbon Dioxide Sensing with a Photonic Integrated Differential Absorption
LiDAR Transmitter
Antonio Perez-Serrano, Clara Quevedo-Galan, Victor R. Aguilera-Sanchez, Jose
Manuel G. Tijero, Ignacio Esquivias
Low-noise frequency-agile photonic integrated lasers for coherent ranging
Grigory Lihachev, Johann Riemensberger, Wenle Weng, Jungiu Liu, Hao Tian, Anat
Siddhart, Viacheslav Snigirev, Vladimir Shadymov, Andrey Voloshin, Rui Ning Wang,
Jijun He, Sunil A. Bhave, Tobias J. Kippenberg




O

11:15 to 11:45 COFFEE BREAK

11:45 to 13:00 COMB AND SUPERCONTINUUM GENERATION (Room: 3.0.3)
Session Chair: Mariangela Gioannini, Politecnico di Torino

T.C.1  On-chip frequency comb interferometr - INVITED
Nathalie Picqué, Max-Planck Institute of Quantum Optics, Germany
T.C.2 Impact of the saturable absorber on the linewidth enhancement factor of hybrid
silicon quantum dot comb lasers
Thibaut Renaud, Heming Huang, Geza Kurczveil, Raymond G. Beausoleil, Frédéric
Grillot
T.C.3 Low Noise 2.6 to 26 GHz Tenfold Frequency Multiplication by an InP Broadly
Tunable Optical Comb
Nicola Andriolli, Eduardo Saia Lima, Evandro Conforti, Giampiero Contestabile,
Arismar Cerqueira Sodré Junior
T.C.4 Heterogeneously integrated low-loss lithium niobate photonic platform
Mikhail Churaev, Annina Riedhauser, Rui N. Wang, Charles Mohl, Terence Blésin,
Miles H. Anderson, Viacheslav Snigirev, Anat Siddharth, Youri Popoff, Ute Drechsler,
Danilele Caimi, Simon Hoénl, Johann Riemensberger, Jungiu Liu, Paul Seidler, Tobias
J. Kippenberg
T.C.5 Mid-Infrared Supercontinuum Generation in a Tapered SiGe/Si Waveguide for
Multi-Species Gas Spectroscopy
Alberto Della Torre, Rémi Armand, Milan Sinobad, Kokou Firmin-Fiaboe, Barry
Luther-Davies, Stephen Madden, Arnan Mitchell, Thach Nguyen, David J. Moss, Jean-
Michel Hartmann, Vincent Reboud, Jean-Marc Fedeli, Christelle Monat, Christian
Grillet

11:45 to 13:00
Session Chair: Gonzalo Wanguemert Perez, Universidad de Malaga

High performance photonic devices based on photonic crystal bimodal
interferometer - INVITED
Jaime Garcia, Nanophotonics Technology Center - UPV, Spain
Curved waveguide grating demultiplexer (CWG) with a flattened response via
bimodal output waveguides
Abdelfettah Hadij-EIHouati, Robert Halir, Alejandro Ortega-Mofux, J. Gonzalo
Wangtiemert-P, Jens H. Schmid, Pavel Cheben, Ifiigo Molina-Fernandez
Subwavelength metamaterials for broadband mode multiplexing and power
splitting in silicon waveguides
Aitor V. Velasco, David Gonzalez-Andrade, Raquel Fernandez de Cabo, Jaime Vilas,
Irene Olivares, Antonio Dias, José Manuel Luque-Gonzélez, J. Gonzalo Wangiiemert-
Pérez, Alejandro Ortega-Monux, Ihigo Molina-Fernandez, Robert Halir, Pavel Cheben
Metamaterial-engineered silicon devices fabricated with deep UV immersion
lithography
Daniele Melati, Vladyslav Vakarin, Thi Thuy Duong Dinh, Xavier Le Roux, Warren Kut
King Kan, Cécilia Dupré, Bertrand Szelag, Stéphane Monfray, Frédéric Boeuf, Pavel
Cheben, Eric Cassan, Delphine Marris-Morini, Laurent Vivien, Carlos Alonso-Ramos
Design of autocorrective interferometers using the Bloch sphere
Matteo Cherchi



13:15 LUNCH

13:45 to 15:45 POSTER SESSION (Garden)

T.P1

T.P2

T.P.3

T.P4

T.P5

T.P.6

T.P7

T.P.8

T.P.9

T.P10

T.P11

T.P12

Topological control of light spectrum using dynamically modulated optical
waveguides
Francesco S. Piccioli, Alexander Szameit, lacopo Carusotto
Bound States in the Continuum in LiNbO3 Waveguides: An Assessment
Jifi Ctyroky, Jifi Petracek, Vladimir Kuzmiak, lvan Richter
Spontaneous polarization reversal induced in a-phase lithium niobate channel
waveguides by proton exchange
Alicia Petronela Rambu, Vasile Tiron, Eugen Oniciuc, Sorin Tascu
Optimization of Brillouin Gain in Subwavelength Silicon Membrane Waveguides
using a Genetic Algorithm
Paula Nufio Ruano, Jianhao Zhang, Daniele Melati, David Gonzalez Andrade, Xavier
Le Roux, Eric Cassan, Delphine Marris-Morini, Laurent Vivien, Norberto Daniel
Lanzillotti-Kimura, Carlos Alonso Ramos
Nonlocal Fourier modal method
Pavel Kwiecien, Milan Burda, lvan Richter
Nonlocal interactions in planar metal layers
Milan Burda, Pavel Kwiecien, Ivan Richter
Comparative performance evaluation of transparent conducting oxides with
moderate mobility for all-optical switching in silicon
Juan Navarro-Arenas, Jorge Parra, Pablo Sanchis
Supercontinuum generation in ultra-low loss silicon nitride waveguides
Yijun YANG, Christian Lafforgue, Quentin Wilmart, Thibaut Sylvestre, Sylvain Guerber,
Xavier Le Roux, Eric Cassan, Delphine Marris-Morini, Carlos Alonso-Ramos, Bertrand
Szelag, Laurent Vivien
Intersubband Absorption in p-type Ge Multiple Quantum Wells for Mid-IR
Sensing Applications
Andrea Barzaghi, Virginia Falcone, Stefano Calcaterra, Raffaele Giani, Andrea
Ballabio, Daniel Chrastina, Giovanni Isella, Jacopo Frigerio
Static and Dynamic Nonlinear Effects in Silicon Micro-Rings: Impact of Trap
Assisted Shockley Read Hall Carrier Recombination
Marco Novarese, Stefania Cucco, Sebastian Garcia Romero, Jock Bovington,
Rongging Hui, Mariangela Gioannini
Integrated electro-optical modulator operating in the long-wave infrared
spectral range
Thi Hao Nhi Nguyen, Natnicha Koompai, Miguel Montesinos-Ballester, Lucas Deniel,
Jacopo Frigerio, Andrea Ballabio, Virginia Falcone, Xavier Le Roux, Carlos Alonso-
Ramos, Laurent Vivien, Adel Bousseksou, Giovanni Isella, Delphine Marris-Morini
1x5 reconfigurable optical wireless routers for on-chip interconnection
Loredana Gabriele, Gaetano Bellanca, Jacopo Nanni, Marina Barbiroli, Franco
Fuschini, Velio Tralli, Davide Bertozzi, Giovanni Serafino, Vincenzo Petruzzelli,
Giovanna Calo



T.P13

T.P14

T.P15

T.P16

T.P17

T.P18

T.P19

T.P.20

T.P.21

T.P22

T.P23

T.P.24

T.P25

T.P.26

O

Compact and Alignment-Tolerant Vertical Coupler for Heterogeneous Photonic
Integration
Chunhui Yao, Qixiang Cheng, Richard V. Penty
Lithium-niobate-based frequency-agile integrated laser sources
V. Snigirev, A. Riedhauser, G. Likhachev, J. Riemensberger, R. N. Wang, C. Moehl, M.
Churaeyv, A. Siddharth, G. Huang, Y. Popoff, U. Drechsler, D. Caimi, S. Hoenl, J. Liu, P.
Seidler, T. J. Kippenberg
A Monolithically Integrated Tunable Comb Source and Filter
John McCarthy, Maryam Shayesteh, Frank H. Peters
Silicon photonic mode demultiplexer enabled by on-chip beamforming
David Gonzalez-Andrade, Xavier Le Roux, Thi Thuy Duong Dinh, Dorian Oser, Diego
Pérez-Galacho, Eric Cassan, Delphine Marris-Morini, Laurent Vivien, Carlos Alonso-
Ramos
Plasmonic slot ferroelectric MZIR modulator on Si3N4 in the O-band
Dimitrios Chatzitheocharis, Dimitra Ketzaki, Georgios Patsamanis, Konstantinos
Vyrsokinos
Integrated Wavelength Filter on thin-film Lithium Niobate for a Photonic-
enabled Radiometer
Jessica César Cuello, Robinson C. Guzman, Alberto Zarzuelo, Jeffrey Holzgrafe,
Marko Lon¢ar, Gabriel Santamaria, Luis E. Garcia, Guillermo Carpintero
Thermally tunable Silicon polarization rotator based on mode hybridization
Theoni Prousalidi, Giannis Poulopoulos, Carmelo Scarcella, Harry Zervos, Daisy
Bergin, Anthony Bulling, Stéphane Detraz, Milana Lalovi¢, Leonardo Marcon, Lauri
Olanterd, Ulrik Sandven, Christophe Sigaud, Csaba Soos, Jan Troska, Hercules
Avramopoulos
Demonstration of self-spiking neuron behavior in a monolithically integrated
two-section laser
Lukas Puts, Kevin Williams, Daan Lenstra and Weiming Yao
Compact, spatial-mode-interaction-free, ultralow-loss, nonlinear photonic
integrated circuits
Xinru Ji, Jungiu Liu, Jijun He, Rui Ning Wang, Zheru Qiu, Johann Riemensberger,
Tobias J. Kippenberg
Ultra-broadband polarization beam splitter with a gradual anisotropy
engineered subwavelength metamaterial
José Manuel Luque-Gonzalez, Robert Halir, J. Gonzalo Wangliemert-Pérez, Pavel
Cheben, ifigo Molina-Fernandez, Alejandro Ortega-Mofux
Stokes-vector receivers on an indium phosphide membrane
Sander Reniers, Jos van der Tol, Kevin Williams, Yuqing Jiao
Ge/Si Electrically Tunable VIS/SWIR Photodetector
Andrea Ballabio, Andrea De lacovo, Jacopo Frigerio, Andrea Fabbri, Giovanni Isella,
Lorenzo Colace
Mode Overlap Simulations for Quantification of Bend Loss in Silicon Nitride Strip
Waveguides for Sensing
Anton Buchberger, Desiree Rist, Jakob Hinum-Wagner, Samuel Hérmann, Jochen
Kraft, Alexander Bergmann
In-line photo-thermal plasmonic detectors integrated in TiO2 optical waveguides
Andres Martinez, Vittorio Grimaldi, Deepak Kumar Sharma, Christian De Vita,
Francesco Morichetti, Alexandre Bouhelier, Marco Sampietro



T.P.28

T.P29

T.P.30

T.P31

T.P.32

T.P.33

T.P.34

T.P35

Numerical Analysis of Digital Pulse Modulation of Strongly Injection-Locked
Whistle-Geometry Microring Lasers

Gennady A. Smolyakov, Marek Osinski
Characterization of Passively Mode-Locked lasers and Saturable Absorbers
based on an InP quantum well amplifier suitable for active-passive integration at
1300 nm

Joel Hazan, Aser Nassar, Steven Kleijn, Kevin Williams, Erwin Bente
Freeform optical arrays for free-space coupling into photonic integrated circuits

Rakan E. Alsaigh, Martin PJ. Lavery
Inverse Design of Nanophotonic Circuitry Components based on Reinforcement
Learning

Marco Butz, Alexander Leifhelm, Marlon Becker, Benjamin Risse, Carsten Schuck
Polarization mode converter based on hybrid integration of nanowires on a
silicon waveguide

Ali Emre Kaplan, Valerio Vitali, Francesco Rossella, Valeria Demontis, Andrea Fontana,

Periklis Petropoulos, Vittorio Bellani, Cosimo Lacava, llaria Cristiani
Numerical calculation of active waveguide Bragg gratings amplification
dependences

Angel Sanz-Felipe, Manuel Macias-Montero, Rocio Ariza, Juan A. Vallés, Javier Solis
SiP Waveguide-Embedded Electronic Devices controlled by Substrate/Gate
Potential Tuning

Alessandro Perino, Francesco Zanetto, Matteo Petrini, Francesco Morichetti, Andrea

Melloni, Giorgio Ferrari, Marco Sampietro
Low loss SiN optical modulator for kHz-rate switching applications

Alessandro Brugnoni, Ali Emre Kaplan, Michele Re, Cosimo Lacava, llaria Cristiani
Miniaturization of 90-degree hybrid optical couplers

Alessio Miranda, Weiming Yao, Jos van der Tol, Kevin Williams

13:45 to 15:35 EXHIBITORS SESSION (Room: 3.0.2)
Note: See pag. 27 for the complete program

15:45 to 16:30 INDUSTRIAL KEYNOTES (Room: 3.0.3)
Session Chair: Francesco Morichetti, Politecnico di Milano

15:45 T.K.2

16:15 TK.3

Recent advances in silicon integrated photonics for high-bandwidth and energy-
efficient optical interconnects

Haisheng Rong, Intel, USA
Advances on 5G, research directions and role of optical technologies - An
industry view

Renato Lombardi, Huawei, Italy

16:45 to 18:30 LASER INTEGRATION (Room: 3.0.3)
Session Chair: Kevin Williams, Eindhoven University of Technology

T.E.1

Towards passive hybridization of high-power and high-speed InP transmitters
INVITED
Helene Debregeas, Almae Technologies, France
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T.E.2  Micro-Transfer-Printed IlI-V-on-Si Laser with 120nm tuning range
Emadreza Soltanian, Grigorij Muliuk, Sarah Uvin, Dongbo Wang, Guy Lepage, Peter
Verheyen,, Joris Van Campenhout, Stefan Ertl, Johanna Rimbock, Nicolas Vaissiere,
Delphine Néel, Joan Ramirez, Jing Zhang, Gunther Roelkens

T.E.3 CW emission and self-pulsing in 1lI/V SiN hybrid laser with narrowband mirror
Cristina Rimoldi, Lorenzo Columbo, Sebastian Romero-Garcia, Jock Bovington,
Mariangela Gioannini

T.E.4 Integration of Quantum Dot Lasers with SOl Waveguides using Micro-Transfer

Printing

Ali Uzun, Fatih Atar, John Justice, Brian Corbett, Ruggero Loi, Alex Farrell, Peter
Ossieur, Jing Zhang, Gunther Roelkens, Igor Krestnikov, Johanna Rimbock, Stefan
Erlt, Marianna Pantouvaki, Guy Lepage, Joris Van Campenhout

T.E.5 Long cavity hybrid mode-locked laser with improved modulation efficiency
Yasmine lbrahimi, Sylvain Boust, Quentin Wilmart, Jean-Francois Paret, Alexandre
Garreau, Karim Mekhazni, Catherin Fortin, Francois Duport, Ghaya Baili, Corrado
Sciancalepore, Stéphanie Garcia, Laurent Vivien, Frédéric van Djik

T.E.6 GaSb/SOIl flip-chip integrated DBR laser at 2 um wavelength region
Nouman Zia, Jukka Viheriala, Heidi Tuorila, Samu-Pekka Ojanen, Eero Koivusalo,
Joonas Hilska, Mircea Guina

16:45 to 18:30
Session Chair: Sonia Garcia Blanco, University of Twente

Waveguide Fourier Transform Spectrometers for Remote Sensing and Raman
Spectroscopy - INVITED
Hugh Podmore, Honeywell Aerospace, Canada
Mid-infrared Fourier-transform spectrometer based on suspended silicon
metamaterial waveguides
Thi Thuy Duong Dinh, Xavier Le Roux, Natnicha Koompai, Daniele Melati, Miguel
Montesinos-Ballester, David Gonzalez-Andrade, Pavel Cheben, Aitor V. Velasco, Eric
Cassan, Delphine Marris-Morini, Laurent Vivien, Carlos Alonso-Ramos
Germanium quantum wells for mid-infrared integrated photonics
Andrea Barzaghi, Virginia Falcone, Stefano Calcaterra, Raffaele Giani, Andrea
Ballabio, Giovanni Isella, Daniel Chrastina, Michele Ortolani, Michele Virgilio, Jacopo
Frigerio
Mid-Infrared High Q Factor Silicon-Germanium Ring Resonator
Marko Perestjuk, Rémi Armand, Alberto Della Torre, Milan Sinobad, Arnan Mitchell,
Andreas Boes, Jean-Michel Hartmann, Jean-Marc Fedeli, Vincent Reboud, Christelle
Monat, Christian Grillet
Ge micro-crystals photedetectors with enhanced infrared responsivity
Virginia Falcone, Andrea Ballabio, Andrea Barzaghi, Carlo Zucchetti, Luca Anzi,
Federico Bottegoni, Jacopo Frigerio, Roman Sordan, Paolo Biagioni, Giovanni Isella
Etchless Pedestal Chalcogenide Waveguides for Mid-IR On-Chip Sensing and
Spectroscopy Applications
Vasileios Mourgelas, Ben Rowlinson, James Wilkinson, Ganapathy Senthil Murugan

18:30 & 19:15 CASTELLO VISIT
19:30 GALA DINNER
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08:00 to 09:00 REGISTRATION

09:00 to 09:30 KEYNOTE (Room: 3.0.3)
Session Chair: Delphine Marris-Morini, Université Paris-Sud

F.K.1  Brillouin Scattering in Silicon Nitride Photonic Circuits
David Marpaung,Twente University, Netherlands

09:45 to 11:15 MICROWAVE PHOTONICS AND TERAHERTZ (Room: 3.0.3)
Session Chair: Delphine Marris-Morini, Université Paris-Sud

F.A.1 Photonicintegration for microwave photonics systems - INVITED
Antonella Bogoni, SSSA and Inphotec, Italy

F.A.2 Microwave-optical transduction using high overtone bulk acoustic resonances
Terence Blésin, Anat Siddharth, Hao Tian, Rui Ning Wang, Alaina Attanasio, Sunil A.
Bhave, Tobias J. Kippenberg

F.A.3 Widely Tunable Flat-Top Integrated Microwave Photonic Passband Filter
Claudio Porzi, Manuel Reza, Paolo Ghelfi, Marc Sorel, Antonella Bogoni

F.A.4 Integrated THz-photonics transceivers by all-dielectric phonon-polariton non-

linear nanoantennas - INVITED

De Angelis Costantino, Universita di Brescia, Italy

09:45to 11:15
Session Chair: Carlos Alonso Ramos, Université Paris-Saclay

Integrated optical interfacing using a freeform 3-D coupling platform - INVITED
Tian Gu, MIT, USA

3D printed on-chip parabolic mirror for chip-to-fiber and chip-to-chip coupling
Yujia Kong, Herman Offerhaus, Meindert Dijkstra, Sonia Garcia Blanco, Lantian
Chang

Demonstration of an on-chip optical circulator for TE mode light
Rui Ma, Sander Reniers, Yuya Shoji, Tetsuya Mizumoto, Kevin Williams, Yuging Jiao,
Jos Van Der Tol

Assessment of electro- and thermo-optics response of thin film lithium niobate

with phase shifted Bragg gratings
Alessandro Prencipe, Katia Gallo

Enhanced all-optical reading of subwavelength magnetic bits on a photonic

integrated device using magneto-plasmonic effects
Hamed Pezeshki, Figen Ece Demirer, Reinoud Lavrijsen, Jos van der Tol, and Bert
Koopmans
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11:15 to 11:45 COFFEE BREAK

11:45 to 13:15 ADVANCES IN SILICON PHOTONICS (Room: 3.0.3)
Session Chair: Pablo Sanchis, Universitat Politecnica de Valéncia

F.C.1 Beyond Interconnects Applications using a 300mm Silicon Photonics Technology
INVITED
Fredric Boeuf, STm, France
F.C.2 Automatic Testing of Silicon Photonic Add/Drop Multiplexer
Matteo Petrini, Rita Baldi, Moritz Seyfried, Francesco Morichetti, Andrea Melloni
F.C.3 Micro transfer printing of electronic integrated circuits on Silicon photonics
substrates
Ruggero Loi, Prasanna Ramaswamy, Alex Farrell, Antonio Jose Trindade, Alin Fecioru,
Johanna Rimbdck, Stefan Eartl, Marianna Pantouvaki, Guy Lepage, Joris Van
Campenhout, Tinus Pannier, Ye Gu, David Gomez, Patrick Steglich, Peter Ossieur
F.C.4 Integrated Electronic Control of Silicon Mach-Zehnder Interferometers
Fabio Toso, Francesco Zanetto, Maziyar Milanizadeh, Andrea Melloni, Marco
Sampietro, Francesco Morichetti, Giorgio Ferrari
F.C.5 Optical modulation based on DC Kerr effect in silicon waveguide
Jonathan Peltier, Léopold Virot, Christian Lafforgue, Lucas Deniel, Delphine Marris-
Morini, Guy Aubin, Farah Amar, Dehn Tran, Callum G. Littlejohns, David J. Thomson,
Weiwei Zhang, Laurent Vivien

11:45to 13:15
Session Chair: Taofiq Paraiso, Toshiba

Silicon photonics neural networks in optical communications - INVITED
Lorenzo Pavesi, Universita di Trento, Italy
Quantifying Hidden Noise in Integrated Nonlinear Sources
Ben M. Burridge, Imad I. Faruque, John G. Rarity, Jorge Barreto
Strong Pump Rejection Filter for Polarization-Diverse Silicon Platforms
Jérdbme Michon, Xavier Le Roux, Alexandre Huot de Saint-Albin, Dorian Oser,
Sébastien Tanzilli, Laurent Labonté, Eric Cassan, Laurent Vivien, Carlos Alonso-Ramos
Fully Integrated, Scalable Quantum Entropy Source at 1 Gbps
Miquel Rudé, Domenico Tulli, Waldimar Amaya, Carlos Abellan
Sub-milliwatt and tunable optical power limiters using vanadium dioxide in
ultra-compact silicon waveguides
Jorge Parra, Juan Navarro-Arenas, Jean Pierre-Locquet, Pablo Sanchis

13:15 to 14:30 LUNCH

14:30 to 16:00 PROGRAMMABLE PHOTONICS (Room: 3.0.3)
Session Chair: David Marpaung, University of Twente

F.E.1 Does the world need general-purpose programmable photonics - INVITED
Wim Bogaerts, Ghent University - IMEC, Belgium



F.E.2 Multi-channel free-space optical communication between self-configuring
silicon photonics meshes
SeyedMohammad SeyedinNavadeh, Maziyar Milanizadeh, Francesco Zanetto,
Vittorio Grimaldi, Christian De Vita, Giorgio Ferrari, David A.B. Miller, Andrea Melloni,
Francesco Morichetti
F.E.3 6-mode Universal Photonic Processor fabricated by Femtosecond Laser Writing
Ciro Pentangelo, Francesco Ceccarelli, Simone Piacentini, Riccardo Albiero, Simone
Atzeni, Andrea Crespi, Roberto Osellame
F.E4 A high-index SiON integrated photonic-electronic platform for quantum
technologies
Mher Ghulinyan, Martino Bernard, Gioele Piccoli, Matteo Sanna, Massimo Borghi,
Stefano Azzini, Fabio Acerbi, Giovanni Paternoster, Alberto Gola, Lorenzo Pavesi,
Georg Pucker
F.E.5 A Universal 20-mode Quantum Photonic Processor
Caterina Taballione, Malaquias Correa Anguita,Michiel de Goede, Pim Venderbosch,
Ben Kassenberg, Henk Snijders,Narasimhan Kannan,Devin Smith, Jorn Epping,
Reinier van der Meer, Pepijn W. H. Pinkse, Hans van den Vlekkert, Jelmer J. Renema

14:30 to 16:00
Session Chair: Giuseppe Cusmai, Advanced Fiber Resources

Integrated distributed feedback (DFB) perovskite lasers in SiN waveguide

platform
Federico Fabrizi| Piotr Cegielski, Manuel Runkel, Saeed Goudarzi, Cedric Kreusel,
Bartos Chmielak, Lyudmila Staroduptceva, Dmitry Dirin, Viktoriia Morad, Maksym
Kovalenko, Thomas Riedl, Max Lemme

TiO2 channel waveguides with 0.5 dB/cm propagation losses
Alvaro Aguirre Fontenla, Ward .A.P.M. Hendriks, Meindert Dijskstra, Sonia M. Garcia-
Blanco

Integrated Amorphous-Silicon Photodetector on Silicon Nitride Waveguide
Christian De Vita, Fabio Toso, Natale Giovanni Pruiti, Charalambos Klitis, Giorgio
Ferrari, Marc Sorel, Andrea Melloni, Francesco Morichetti

Low-noise near-ultraviolet photonic integrated lasers
Anat Siddharth, Thomas Wunderer, Grigory Lihachev, Andrey S. Voloshin, Camille
Haller, Rui Ning Wang, Mark Teepe, Zhihong Yang, Junqiu Liu, Johann
Riemensberger, Nicolas Grandjean, Noble Johnson, Tobias J. Kippenberg

Low-loss chemical mechanically polished Al203 thin films for UV integrated

photonics
Soheila Mardani, M. Dijkstra, W.A.P.M. Hendriks, M.P. Nijhuis - Groen, S.M. Garcia-
Blanco

Femtosecond Laser Micromachining of Integrated Hollow-core Waveguides for

High-order Harmonic Generation and XUV Filtering
Pasquale Barbato, Gabriele Crippa, Anna Gabriella Ciriolo, Michele Devetta, Caterina
Vozzi, Salvatore Stagira, Valer Tosa, Roberto Osellame, Rebeca Martinez Vazquez

16:00 to 16:30 COFFEE BREAK




16:30to 17:30 KEYNOTES F.K.2 (Room: 3.0.3)
Session Chair: Charles Baudot, Ciena Corporation

F.K.2 Advances and trends of Si photonics
Laurent Vivien,isheng Rong, CNRS and Univ. Paris Saclay, France

F.K.3 History and perspectives of an InP-based generic foundry approach
Meint Smit, TU/e Eindhoven University, Netherlands

17:30 to 18:00 CLOSING CEREMONY & AWARDS
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Télefo S.p.A. was founded in 1986 with the purpose of representing and distributing components and
instrument to the Italian optical and telecommunication markets. The activity is based on an agreement
between the manufacturer and the company, entitling the latter to act on an exclusive basis throughout
Italy. The company’s goals are: to bring the best products onto the Italian market, to serve as a vehicle for
updating technology and to be available to all its Italian customers as a reference for all kinds of
information. In order to succeed we are particularly aiming on knowledge, service and product quality.

As the pioneer and market leader in high-precision additive manufacturing, we are your reliable partner for
microfabrication systems, software, and solutions. We are a vibrant, award-winning company and a BICO
company since June 2021. More than 3,000 system users are driving future-shaping applications with over
1,300 peer-reviewed journal publications. Our latest innovation is the Quantum X align - Best-in-class 3D
printer with nano-precision alignment system and the first 3D printer with advanced 3D alignment
capabilities that enables the printing of freeform microoptical elements directly onto optical fibers and
photonic chips, setting new standards in the design and fabrication of microoptical elements. Auto-aligned
3D printing significantly reduces complex chip-level mode field tuning, eliminates active alignment and
enables novel and unprecedent use of freeform microoptics at optical interfaces.

The Synopsys Optical Solutions Group provides design tools that model all aspects of light propagation for
high-accuracy optical product simulations and visualizations. With intelligent, easy-to-use solutions and an
expert support team anchored by optical engineers, Synopsys helps organizations deliver superior optics
to market faster. Learn more at our website. Our Products: Optical Design Solutions: LightTools, Code V,
LucidShape, RSoft, Scattering Measurements, Engineering Services

AFR Milan is part of AFR, a leading provider of optical components, designed mainly for
telecommunication, fiber laser, data center, autonomous vehicle, fiber sensor and bio-medical equipment
applications. AFR Milan is dedicated to design, develop and manufacture bulk and Thin Film Lithium
Niobate components and modulators. AFR Milan facility, including R&D labs, state of the art wafer fab and
module line is situated in San Donato Milanese, Italy.

sm-optics invests in technology development to create and deliver value based solution consolidating
today’s network into a solid base to build upon. sm-optics liaises over the consolidated Software
capabilities and over 20 years experience to facilitate customer vision of the future into today’s network
reality.

LIGENTEC is a Swiss based manufacturing partner, offering low loss SiN Photonic Integrated Circuits (PICs)
for industries such as Quantum technologies, LIDAR, Communications, Space and Sensors. Due to its high
confinement, the thick nitride waveguides and resonators have low bending losses and excel even in high
power applications from the visible to the mid-IR. The main application areas for this advanced silicon
photonics low loss technology include coherent telecommunication, LiDAR, metrology, supercontinuum
generation, spectroscopy, sensing and microwave photonics. LIGENTEC's All Nitride Core Technology
platform is fully CMOS compatible, thus allowing us to offer ramping up to high volumes benefiting from
the scale of the semiconductor industry.

VLC Photonics is a world leading engineering company offering full range of services for the development
of Photonic Integrated Circuits (PICs), with a focus in design in testing. Current service portfolio includes:
techno-economic feasibility studies and consultancy, in-house PIC design, characterization and test, and
full PIC prototyping through external manufacturing and packaging/assembly partners. VLC Photonics, as a
pure-play fabless design house, works with multiple foundries embracing the generic integration model.
VLC Photonics has expertise in all the main Photonic integration technologies, including Silicon-on-
insulator, Silica/PLC, SiN/TripleX, InP/GaAs. VLC Photonics also works closely with foundries to contribute to
the building of their Process Design Kits (PDKs), allowing external users to easily access their
manufacturing capabilities. Since 2020, VLC Photonics is part of Hitachi, Ltd.
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At VPIphotonics, we believe in empowering you to define the cutting edge. We do this by providing
software that is integrated, interoperable and industry-leading. We provide professional simulation
software for photonic devices and waveguides, optoelectronics, integrated photonics and fiber optics
applications, optical transmission system and network applications. We also deliver comprehensive
training courses and provide consulting services addressing customer-specific design and configuration
requirements. VPIphotonics partners actively with leading international companies and institutions in
various private and publicly funded research projects. Our University Partner Program supports research
and education at hundreds of universities worldwide. We offer award-winning simulation tools that are
cited in over 1550 technical conference and journal papers. Visit our website and contact us today for a free
software demo and evaluation

Raith is a leading precision technology manufacturer for nanofabrication, electron beam lithography, FIB
SEM nanofabrication, nanoengineering, and reverse engineering applications. Customers include
universities and other organizations involved in various fields of nanotechnology research and materials
science - as well as industrial and medium-sized enterprises that use nanotechnology for specific product
applications or produce compound semiconductors. Founded in 1980 and headquartered in Dortmund,
Germany, Raith employs more than 250 people. The company works as closely as possible with customers
in the most important global markets through subsidiaries in the Netherlands, the USA, and Asia and
through an extensive partner and service network.

CORNERSTONE is an open source, license free silicon photonics rapid prototyping foundry based in the UK.
The prototyping platform utilises industrially-compatible deep-UV projection lithography to enable
seamless scaling-up of production volumes, but also retains device level innovation capability using high-
resolution e-beam lithography and flexibility in its process flows. This process versatility and open source,
license free model is what differentiates CORNERSTONE from other foundries. Currently CORNERSTONE
offers three different silicon-on-insulator platforms, a silicon nitride platform, as well as suspended-silicon
and germanium-on-silicon platforms for mid-infrared applications, all via a multi-project-wafer service.

ficonTEC is a recognized market leader for automated assembly and testing systems for high-end opto-
electronic components, photonic devices and photonics integrated circuits. Considerable process
capability and dedicated technologies have been accumulated in serving the needs of a broad selection of
industry segments — including telecom, datacom & 5G, high-power diode laser assembly, sensing from bio-
med to automotive lidar, micro-optics, and much more. ficonTEC's flexible and scalable automation options
enable customized assembly and test solutions suitable for early device development, for new product
introduction (NPI), and all the way up to high-volume production facilities for contract manufacturing or
for in-house corporate R&D and production. Today, with a global installation base totaling some 1000
machines, each one is the automated and optimized embodiment of a customer-defined process.

LioniX International is a leading global provider of customized microsystem solutions. We have driven
technological and commercial development in our specialist fields—photonic integrated circuits and MEMS
—since 2001. As a vertically integrated company, we work across all stages of the production process from
design to delivery of a finished module. And with world-class fabrication facilities, we scale production
volumes as your requirements grow. Our strength lies in the service we provide as well as the creativity of
our problem solving. By building a project team with you at the center and by asking the right questions,
we make sure to deliver solutions that not only solve a problem, but drive your business.

Thorlabs, a vertically integrated photonics products manufacturer, was founded in 1989 to serve the laser
and electro-optics research market. As that market has spawned a multitude of technical innovations,
Thorlabs has extended its core competencies in an effort to play an ever increasing role serving the
Photonics Industry at the research end, as well as the industrial, life science, medical, and defense
segments. The organization’s highly integrated and diverse manufacturing assets include semiconductor
fabrication of Fabry-Perot, DFB, and VCSEL lasers; fiber towers for drawing both silica and fluoride glass
optical fibers; MBE/MOCVD epitaxial wafer growth reactors; extensive glass and metal fabrication facilities;
advanced thin film deposition capabilities; and optomechanical and optoelectronic shops.

Universitat Politécnica de Valéncia (UPV) is a leading Spanish university with world-wide reputed groups in:
tele/datacom, instrumentation, environmental sensing, chemistry, bio/life sciences, food & drug analysis
among other. Former solar cell manufacturing company Siliken established a 500 square meters class 100-
10000 (ISO-5/7) 6” MEMS pilot line clean room at Ciudad Politécnica de la Innovacion — UPV. After Siliken
stopped operations, UPV owns the clean room which was operated by industrial agents since 2015. From
2018, the clean room is operated by UPV personnel as UPVfab. The cleanroom facility is current part of the
research infrastructure by the Institute for Telecommunications and Multimedia Applications (iTEAM) and
the Instituto de Tecnologia Quimica (ITQ).
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iPronics, Programmable Photonics is a spinoff company from the Universitat Politécnica de Valéncia, Spain.
iPronics develops the innovative concept of Field Programmable Photonic Gate Arrays (FPPGAs), which are
based on a common optical hardware configurable through software to perform multiple functions.
iPronics contributes to the development of future information processing systems where electronics and
photonics work cooperatively by synergistically exploiting the best capabilities of each technology. It
brings the added value of optical reconfigurability to products with broad fields of application including 5
and 6G telecommunications, data center interconnection, artificial intelligence, signal processing, sensing

and quantum information.
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High-density Integrated Photonic Tensor Processing Unit with a Matrix
Multiply Compiler

(Plenary Speaker)

Xiaoxuan Ma?, Nicola Peserico?, Ahmed Khaled?, Zhimo Guo?, Bhavin J. Shastri3, Volker J. Sorger’?*
IDepartment of Electrical and Computer Engineering, 800 22nd St. N.W. George Washington University, USA
2Qptelligence Company, 10703 Marlboro Pike, Upper Marlboro, 20702, USA
3Department of Physics, Engineering Physics Astronomy, Queen’s University, Kingston, ON K7L 3N6, Canada

* corresponding author e-mail: sorger@gwu.edu

The explosion of artificial intelligence and machine- learning algorithms, connected to the exponential growing of
the exchanged data, is driving a search for novel application- specific hardware. Among the many, the photonics
field appears to be in the perfect spotlight for this global data explosion, thanks to its almost infinite bandwidth
capacity associated with limited energy consumption. In particular, Photonic Integrated Circuits (PICs) capable of
performing Matrix-Vector Multiplication (MVM) operations have been shown as a tangible alternative to the
common electronic CMOS processors. These PICs integrate several hundreds of optical components in a single
chip, operating at GHz speed. In this paper, after an initial review of the main types of PIC architectures for
artificial intelligence, we present our microring-based solution, that allows performing MVM with tunable weight
matrix, and its use as processor for image filtering.

Keywords: Silicon Photonics, Matrix-Vector Multiplication, Photonics, PICs, Tensor Core

1. INTRODUCTION

The increasing amount of data processing in recent years has pushed the processing performances to the limit of actual
microprocessor architectures [1]. As the limit of Moore’s Law is approaching, capping the number of transistors per area,
the limitations on the actual architecture would lead to larger and larger data centers, raising concern about safety and
energy consumption [2]. The increased use of Artificial Intelligent (Al) and Machine- Learning algorithms [3], [4], in
particular Deep Neural Networks (DNNs) [5], puts pressure on the current CPU with tasks whereby they are not designed
for, like the Matrix-Vector Multiplication (MVM) [6]. In a typical DNN algorithm, each neuron receive inputs from every
neuron of the previous layer, and weight them before passing through an activation function [7]. This weighting is
performed as a dot-product between input and weights vectors, and by so, could be generalized into a MVM for all the
neurons of alayer, making this MVM task crucial for the performance ofthe Al algorithm [8]. New solutions, called Tensor
Cores, are rising, proposing new paradigms to achieve higher performances in terms of speed, throughput, and energy
efficiency [9]-[12]. Among many, photonics solutions have been raised as one of the major candidates thanks to the
intrinsic behavior of electromagnetic waves [13], which allow performing inference at zero energy cost, as well as the high
bandwidth, and the possibility to integrate all the components into a single chip, known as Photonic Integrated Circuits
(PICs) [14]-{17]. In the recent years, several different PICs have been proposed to perform the MVM task, known as
Photonic Tensor Cores (PTCs) [13], [18]-[23]. Implementations with different approaches and components have taken the
stage and shown better results than corresponding electrical counterparts, in terms of speed and energy efficiency [24].
Moreover, taking advantage of the flexibility on the fabrication side, PICs have been integrated with various materials to
support either higher speed (using high speed Si-Ge photodiode for example [25]), or nonvolatile memories using Phase
Change Materials [26]-[29]. In this paper, we will present an overview of the main approaches on performing the MVM
task on PICs, comparing the implementations and architectures that have appeared in the latest years. We will then
present our configuration [13], showing the main advantages and the integration level achieved by the silicon photonics
PIC. By using the General Matrix Multiply (GeMM) compiler to subdivide matrices into smaller ones that are compatible
with our fabricated device, we will show image processing result using our PIC.

RESULTS

Photonic Integrated Circuit for MVM
As mentioned previously, the light has been one of the main candidates for performing the MVM function on future
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computing architectures. In particular, considering the MVM main function, the multiply and accumulate (MAC) function
benefits from the coherent electromagnetic nature of the light, implying the possibility to perform multiplication by lossless
interference, while the accumulation is performed directly on the photodiode once light signals are collected. By allowing
manipulation of light employing nanoscale waveguides, PIC can integrate a large number of MAC operations on small
scale, employing a high number of inputs, high-speed modulators, and photodetectors. To perform the MAC function,
several different approaches have been proposed during the latest years, by varying the basic components elements, as
well as the input and output configurations. Those different architectures show different performances, in terms of actual
speed (measured as MAC operations per second), footprint, energy consumption, and etc. By reviewing these approaches
in PICs, we focus on the main difference among the architectures of the PICs. However, most of the most used parameters
that are used to compare the PTC processor (such as MAC operations per second or footprint) are not included, as they
depend mainly on both the modulators (for input vectors) and the photodiodes (for output vectors) technologies for each
implementation, rather than from architecture choices. In a similar sense, it is more interesting to focus on common
limitations, such as the number of controllers that each circuit requires, the footprint scaling, and the possibility to
implement nonvolatile memory elements to further reduce energy consumption.
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Fig. 1. Comparison of PTC hardware implementations. (Left) Exploiting the mathematical properties of the matrix singularization by dividing the main
matrix into sub-matrixes (e.g. 3) via of singular value decomposition [24]. (Right) Photonic algebra approaches leveraging parallelization (i.e. WDM)
and incoherent accumulation (i.e. photodetection) [13], [21], [30]

. Matrix-Vector Multiplication Approaches

As the first step, we divided the PIC into two main categories, based on the mathematical approaches for MAC operation:
the first one relies on the singularization, where the main matrix is divided by the meaning of singular value decomposition
into 3 matrices; the second approach avoids this decomposition, by implementing schemes that directly implements the
main matrix. In fig. 1 examples of both approaches are shown, while a comparison of the major parameters is made in
table I.

1) Y = VTZUX: Exploiting the mathematical proprieties of the matrix single value decomposition (SVD), the
implementation of this approach has focused on using cascaded Mach-Zender Interferometers (MZIs) [18], [31],
[32]. In particular, the external matrices V and U are unitary matrices, and by so implementation is straightforward by
using inter- connected MZIs, while the diagonal matrix ¥ is implemented by a series of attenuators, usually
implemented by MZI. This approach has seen many results over the years, from mode demultiplexing [33], to proper
larger networks [18], and final market-ready products [24]. The use of MZI networks comes with several advantages, like
the ideality of the MZI response, even without perfect components [34], the coherent scheme that requires just one single
laser to work, and the speed of reconfigurability allowed by the pull-down PN junction configuration of the MZI. Thanks
to the reliability of the configuration and the single laser source, this approach already showed promising results and
startups hit the market with solutions based on it. Moreover, even the bit resolution achieved takes advantage of this
advanced state- of-the-art, reaching a high bit resolution, up to 10 bit. On the other side, this configuration comes with
some limits, mainly due to the higher complexity behind SVD and the footprint required to fulfill this operation. Dividing
the matrix requires a pre-computational step, as well as more components integrated into the PIC, increasing the complexity
of the whole architecture.
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2) Y=MX: Many architectures that are based on this approach appeared in the latest years, mostly exploiting
multiple input lasers sources and their WDM combinations at the photodiodes. In particular, all the implementations
rely on an attenuation mechanism to implement the multiplication part, while the combination of multiple wavelengths
at the photodiode returns the sum of incoming light beams. One implementation exploits PCM-actuated couplers
between rows and columns of an optical waveguide grid [21]. Each wave- length coming from a unique Comb laser
source is modulated and fed into a certain row. The tunable couplers bend a certain amount of the incoming light toward
the selected column. The photodiode at the end of the column collects the composition of the different light beams,
whose amplitude is determined by the couplers. This scheme relies on the simplicity of the implementation that
reduce the number of controllers to the minimum (equal to the size of the matrix), and implementing them with PCM
allows having almost 0 energy cost,but limits the speed of reconfiguration.

A. Architecture Comparison

As seen, many different architectures could be used to implement MVM, as summarized in table I. In the table, actual
Figure-of-Merit MAC/s nor MAC/J is not reported, as for all the architectures, it will mainly rely on the inputs modulator

Type of Operation V= VIEUX V=MX _
ﬂf —T —_—— WO( WO( [This work]
Input 1 Laser, N Modulators 1 Comb Laser, N Modulators N Lasers, N Modulators N Lasers, N Modulators
Outputs M(=N) Photodiodes M Photodiodes M or 2xM Photodiodes M Photodiodes
Area/Basic Element Area NZ+ N NxM NxM NxM
Controllers 2N?2 + N NxM 2(NxM) NxM
Parallelization No WDM Off Chip WDM On Chip WDM On Chip
Weight Bit Resolution 8/10 5 >5 5
P-RAM No Yes No Yes

Table |. SCALING COMPARISON OF VARIOUS APPROACHES ON PERFORMING GEMM AND MAC OPERATIONS USING PHOTONIC CHIP-BASED COMPONENTS. N = SIZE OF INPUT VECTOR;
M = SIZE OUTPUT VECTOR; P-RAM = PHOTONIC RANDOM ACCESS MEMORY, ALLOWING FOR ZERO-STATIC POWER CONSUMPTION, ONCE THE WEIGHTS ARE SET.

The second implementation uses the add-drop microring resonators as the element to perform the multiplication as
attenuation of the incoming light beam [19], [22], [30]. Microrings permit the use of the same elements as WDM combiner
by simply cascading them. The use of microrings allows for an important footprint reduction (microring using SiPh could
bedownsized to a 10 ym radius) while having high-speed recon- figuration thanks to the internal pn junction, that nowadays
could reach more than 25 GHz. Moreover, thanks to the add- drop configuration, the architecture could have both positive
and negative sign weights in the matrix, without the need for post-processing to correct the data. The main disadvantage is
coming from the control perspective, as microring tends to be asensitive element towards noise sources, such as temperature
variation, stress, and so on. By so, besides the modulation controlling the pn junction, another signal must be applied to
the heater to assure a perfect alignment between microring’s resonance and laser’s wavelength, doubling the number of
controls. Moreover, due to this high integration and need for resonance stabilization, PCM elements could not be placed in
the ring itself, making this architecture not suitable for low- energy applications, such as edge computing. The last
architecture is the one used in this paper and com- bines a different placement of microring elements [13]. This architecture
takes advantage of the add-drop microring as the element to fan-out the WDM inputs and recombine them after attenuation
is applied in the waveguide link between them. This architecture has the advantage to be able to use both PCM, slow-speed
heater-based components, and high-speed pn junction to achieve the required attenuation, by so fulfill the requirement of
both edge computing application and data centers one. The number of controls could be high in principle (up to 3 controllers
for each element of the matrix), however, by relying on the fabrication quality and accepting a reduction of the resolution,
the control could be reduced to just an attenuator per element of the matrix. More details will be given later in the paper.
and output photodiodes, whose characteristics are coming from the fabrication process rather than the component used to
perform the MAC operation. One parameter that influences the choice for the architecture is the chip footprint. The
basic Y = MX architecture seems to take advantage of the more direct equation, as scaling is proportional to the
matrix size, while the MZM approach suffers from the decomposition matrices. For the number of controls, the best
solutions appear to the one based on couplers and coupled microrings, even if this last one might be affected by the
detuning of the microrings, as we discuss later in the paper. The architecture based on single add-drop microrings
could either have the same M*N controllers, if just one tuning method is used (for example employing heaters as
tuning element and weight), but to support high-speed reconfiguration each microring needs to integrate both a
trimming method (i.e. heaters) and a high-speed tuning (i.e. the pn junction), doubling the number of controls.
The lack of need of tuning for the coupler architecture comes at the cost of a more complex input that requires a comb
laser and a WDM mux, and demux external to the chip for the output, increasing the complexity of the overall system.
Bit resolution shows a strong point for the architectures based on MZM, for mainly two reasons: the more straightforward
capability on controlling the phase difference in the MZM, resulting in a larger ER, and so larger bit resolution; the
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advanced stage of the products based on this technology that already reached the market, so having passed the optimization
process. The last piece of confrontation is regarding the possibility to implement P-RAM on the circuits, by using Phase
Change Materials (PCMs) for example. In a larger view, as more and more MVM circuits will be used to implement DNN,
having the possibility to integrate photonic memory elements would have a crucial benefit in terms of energy efficiency.
That would allow targeting edge computing applications, rather than just cloud application in data centers. Up to our
knowledge, just two architectures allow integrating the PCMs, placing those materials either in the couplers or between
coupled rings. The architecture based on MZM could benefit in case a phase- only PCM would be presented, as most of
the materials are now affecting adsorption too, such as GSST, GSSe, or GST. Integration of PCMs into microring
resonator might be challenging for the same reason, adding also a problem of cross-heating interference, as tuning element
could affect the phase of the material, resulting in an unwanted switching.
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Fig. 2. a) Schematic of silicon photonic tensor core. b) Microscope image of the photonic tensor core, which includes WDM fan-out, weight bank, WDM
combiner. c) Schematic of testing setup. d) Microscope image of the photonic tensor core chip, which including PTC without on-chip photodiode version
and PTC with on-chip photodiode version.

INCREASING MAC DENSITY: COUPLED-RINGS, INTEGRATED DETECTORS PIC SOLUTION FOR GEMM COMPILER

The architecture presented in this paper is based on coupled add-drop microring resonators. The structure is modular, as
one PTC can perform a dot-product, and so MVM can be achieved by parallelization of the single module. An array of
lasers is modulated with the input vector values, combined by a WDM mux, and fed into the silicon photonic chip. The
input is then distributed to every single PTC module by a series of splitters. In each module, the first series of microring
act as WDM demux, each arm followed by an optical attenuator, implemented with adsorption PCM, MZI, or VOA, acting
as the multiplication part of the dot product. The recombination is performed by the second series of microring, as a WDM
combiner, so the output is the accumulation of the different wavelength sources scaled by the weights, as shown in figure
2a-c, performing the MAC operation we expect. The modularity of the structure allows to size the circuit based on the
need, having a PTC bank, reducing the number of components and complexity for edge computing applications if needed.

. Photonic Integrated Circuit

The PIC presented has been fabricated using an active silicon photonics process by AMF [35]. The waveguide is 220 nm
height, 500 nm width channel waveguide. WDM fan-outs and combiners are made by a series of three passive microring
resonators, whose radii are around 10 um, with minimal variations to avoid overlapping in the resonance. The weights are
implemented by MZIs, each having a heater element on one of the two arms. To minimize thermal crosstalk between
weights, the MZIs are placed more than 100 um apart. The choice of using MZI was due to compactness, high Extinction
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Ratio (ER, >20 dB), and yet simplicity: using VOA would result in a larger footprint, while MRR or PCMs would have
smaller ER (<5 dB) and would increase the complexity. Each PTC is formed by three PTC modules to implement a full
3x3 MVM. The PTC has been repeated 2 times, having optical outputs for the first one, and integrated photodiodes for the
second one. The spectrum of one PTC is shown in figure 3a, while figure 3b shows a section with the 3 peaks for each
output port. Outputs from one optical port while changing the heating power at the arm of MZI are shown in figure 3c,
reaching more than 20 dB ER for each weight. The choice of not using any tunable element on the microring resonators
responsible for the WDM fan-out and combiner leads to a simpler and more compact circuit, having fewer elements to
pilot and a lower number of electrical pads. On the other hand, the cost is a lower ER for the system. Even if the microring
is placed nearby, and so reducing the fabrication variability, a slight mismatch of resonance can be seen in the optical
power spectrum, for example for the Optical Port 1 at A1 in figure 3b. This manifests as a reduction of the ER usable for
the weights, comparing to the initial values provided by the MZI, as all the paths must have the same maximum and
minimum power output. In figure 3c, the usable ER is then reduced to around 15dB, from the more than 25 dB provided
by the MZI. The reduction of ER is directly translated into a reduction of bit resolution, limiting the performance of this
architecture for high-bit resolution applications.
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Fig. 3. a) Optical spectrum of the SiPh tensor core. b) Detail of the spectrum and the wavelength of the lasers. c) The performance of two thermo-
optical MZI modulators used in Port 0 as weights. The selected ER is the operative range for that particular port, with a range suitable for both
wavelengths.

. Power Maps: Optical Output

For our experiment setup, we measure the circuit using 2 different lasers and varying the power dissipated by the
heaters, as shown in figure 4a, providing an output that is  the linear sum of the 2 modulated inputs multiplied by their
weights. In particular, we use a fiber array to inject the combined laser sources into the PIC by a grating coupler and
collecting the outputs by grating couplers. The output beams are then transformed into an electrical signal by a series of
photodiodes, and send to a control PC. The PC is controlling the voltage sources to control the heater components of the
PIC. In this framework, we expect the output power to look like the ideal power map in figure 4b when both inputs are
modulated at their maximum power. This ideal map would result in perfect MAC operation, by so a perfect MVM from
our PTC. In Figure 4c-e, we show the power maps obtained by one PTC having 3 modules. Since each weight is
performed by an MZI, it is possible to see the non-ideal response of  the map while varying the heaters’ powers. In
this case, to perform the proper mathematical function, we select asubset of the map that would mimic the ideal response.
4 - 6 May 2022 - Milano, Italy - 23" European Conference on Integrated Optics



Q

As discussed before, due to the passive microring resonator used in our circuit and the non-linearity response of the MZI
as attenuator, the ER is limited, while each heater span over adifferent range of power, limiting the resolution. Considering
for example the map from port 0, the selection that better mimics the ideal response would have the A1 weight span from
55 to 20 mW, while the range of the second weight would be from 30 to 55 mW, causing a different resolution from the
DAC that would provide the signal. Moreover, the round shape of the contours reflects the round shape of the MZI

responses, by so creating a fixed error from the ideal mathematical response.
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In the same chip, we placed also a 3x3 P'I'C with integrated photodiodes as outputs of each PTC module. Figures 4f,g
show the scheme and photo of the tested PTC, employing two of the three wavelengths inputs available. Having the
integration of the photodiode reduces the noise due to the misalignment of the fiber array and provides more power,
as coupling loss between the waveguide and integratd. photodiodes is almost null. We measure one power map
employing the photodiode at the output of the PTC module, as shown in figure 4i. In particular, the ER in terms of
current is about 11 uA, while the shape is not so distorted compared to the previous power maps. In this case, it is
easy to set a subset of the map that mimics the proper ideal power map. In figure 4j we select a subset spanning the
power for around 20 mW on each weight. The result looks similar to the ideal map, having less distortion on the
contour. However, by doing this we reduce the ER to 9 dB, losing half of the maximum ER achievable by the circuit.
Given this ER and the noise of the photodiode, we can compute the maximum resolution achievable in terms of the
number of levels, reaching a bit resolution of 5.9-bits. The linearity of the response is shown in figure 41, as we extract
the diagonal values of the selected subset of the power map and compared them with the ideal linear response. The
result is showing a good overlapping of the two, with a variation that reflects the photodiode noise.

GeMM Compiler: Most of the tasks a PTC will execute will require a number of matrix elements that exceed the
physical number of available matrix weights of the PTC itself. This is, incidentally, the case also for electronic
counterparts, such as GPU or TPU etc. For example, for image processing, the typical 4K HD image could reach
3840 x 2160 pixels, exceeding the size all the possible Tensor core processors. To overcome the limitation, a
mathematical approach can be used, called GeMM compiler [36], to reduce the size of the matrices by subdividing
them. For example, for the Hadamard product, we can see the splitting of the main matrix and vectors into smaller
ones in figure 5. By so, even our 3x3 PTC could compute larger MVM.

Yi.=W;; O X11, Yio =W, © X12
Y1 = Wpy @X21; Yo, = W, ©) X2

Fig,. 5. GeMM Compilers offer virtualization to process input data matrices that are larger (i.e. more matrix entries)
than the physical hardware (i.e. PTC) provides. The example illustrated here shows the Hadamard product approach.

GEMM Emulation Results: Totest our PTC, we employ GeMM compiler for image processing, applying edge filters
to B&W images. In the first set of results, we use the power map obtained with the PTC with the photodiode to emulate
two different image filters: a 3-bit one for all-direction edge detection, and a 5-bit blur filter, starting from the B&W
logo of GWU (threshold at 0.8) with dimension 316 x 183 pixels. The results for both filters are shown in figure 6,
showing the ideal results computed by Matlab and the emulated results computed by the PTC. By counting all the
pixels with wrong values comparing to the ideal one, we can estimate an error rate of 1.1% for the edge detection, and
5.05% for the blur filter.

GEMM Experimental Results: We proceed then to the experimental result by performing edge detection on a smaller
version of the GW signature and a smaller section of GW image. To perform these measurements, we set the 2
wavelengths as shown in figure 3, extract the power map, and set the boundaries to minimize the difference between
the experimental map and the ideal one. The input is defined as a 1-bit image, while the edge filter is a 3-bit matrix
with negative values. To perform the computation, for each pixel the PTC computed the Hadamard product of the 3%3
filter and a 3x3 subset of the input image, using the GeMM compiler to fit the 2x1 PTC matrix. Since the filter has
negative values, we divide the computation into two parts by adding an offset to the filter matrix and subtracting the
same offset afterward. Both parts of the computation are done by the PTC to perform the correct procedure. For the
first image (GW initials), we show the results with and without integrated photodiodes in figure 7c,d). Both
experimental results demonstrate good agreement with the ideal one computed by Matlab. In this case, the error rate
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for the PTC without the photodiode is about 5.9%, while the error rate tor the P'I'C with integrated photodiode is 2.5%.
For the GW logo, we show the raw data from the experimental results (figure 7g) and the one after threshold function
isapplied (figure 7h). This last one returns an error rate of 3.41%. As we have seen in the power map, the integration
of the photodiodes improves the response of the overall PTC system, mainly thanks to the reduction of the noise,
and the higher and more stable optical power reaching the photodiodes, as we avoid the losses and instability of the
optical grating couplers as output couplers to the fibers. This is interesting because one might be tempted to believe
that the solution with components of the shelf (COTS) and individually packaged dedicated hardware would be
performing higher than micrometer-small chip-integrated solutions. While the raw performance of the COTS detector
may still outperform that of the PIC counterpart, demonstrating a PTC is a system-level challenge rather than a
component-level design optimization only. Indeed, future designs should take the system-level aspect into the
foreground towards improving performance, reliability, and cost.
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Original Ideal Results
Results
a)
Edge Detection
-3 bit
0 -1 0
[—1 4 —1]
0 -1 0
THE GEORGE
WASHINGTON
UNIVERSITY
e)
Blur filter
-5 bit
1 4 6 4 1
4 16 24 16 4 A _,,\?—}S\ /_\.It:ps\
16 24 36 24 16 : J !
4 16 24 16 4 o Adevd - - AlavA
1 4 6 4 1] mutliEcldel{c]= THE GEORGE THE GEORGE

WASHINGTON WASHINGTON WASHINGTON
UNIVERSITY UNIVERSITY UNIVERSITY

Fig. 6. 3-bit Edge detection (a) on a PTC for an input image (b) comparing an ideal result (i.e.
mathematical edge filter) (c) with an emulated PTC results using the MAC performance from Fig. 4,
obtaining an error rate of 1.1%. Similarly, a 5-bit blur filter (e) along with idea (g) and PTC-emulated
(h) results showing, overall, a low error rate (5.05%).
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Fig. 7. On-PIC image filtering demonstration using a 3x3 photonic tensor core (PTC) processor and a GeMM compiler based on implementing
the Hadamard product approach. (a)-(d): edge detection of the GW logo showing an about 2x improved error rate when the on-chip
photodetectors are used on the PIC as compared to utilizing off-chip COTS components. (e)-(h) edge detection of the GW image showing good
agreement for PTC with photodiodes also for larger and more complex images, with an error rate of less than 3.5%.

Conclusions

Similar to CMOS processors, machine learning accelerators also improve performance with integration density, and
faster results can be achieved by adopting the photonics approach. Here we designed, manufactured, packaged and
tested a pho- tonic tensor core (PTC) to perform general matrix multiplication (GeMM) operations. Our approach
utilized channel parallelization implemented via wavelength division multiplexing (WDM). The architecture and
design exploits linear amplitude opto-electronic multiplication and on-chip analog accumulation to perform the on-
chip MAC operation in the optical domain. This enables full-bit precision summation prior tothe ADC digitization.
To bring this novel design into context. performance improves significantly with chip integration, as indeed
expected. By using a GeMM compiler performing the Hadamard product operation, we experimentally demonstrate
the performance of the PTC with image processing, showing up to 5-bit resolution, and an error rate of about 3.41%.
By implementing a faster weight update, the same architecture can be used for on-chip training for Machine
Learning, taking advantage of the high-speed response of photonics performing the tasks required.

In summary, photonic chips can accelerate matrix-vector multiplications and hence machine learning or signal
processing function directly on analog and/or light signals in the optical domain leading to an energy-efficient
propagation- based multiplication operation, and full bit-precision summation operations. In addition, given the
short time-of-flight and we present a comparison between various integrated photonic architectures performing
Matrix-Vector Multiplication, high- lighting scaling laws concerning the component complexity, footprint, bit
resolution, and integration with photonic memory elements. We then present our architecture based on coupled add-
drop microring resonators, having the flexibility to inte- grate high-speed weights as well as low-speed zero-energy
consuming ones. The silicon photonic chip implementing this architecture has been presented in two variations,
with grating couplers, and with integrated photodiodes as outputs. Inter- estingly, the PTC performance, tracked by
the image filtering error rate, is higher using on-chip photodiodes as compared to dedicated stand-alone detectors
off-chip; that is, despite a higher component performance, the noise from the electronic I/O is impacting the error
rate. This suggests that system-level the SO0GHz fast electro-optic modulation and photodetection speeds of
integrated photonic components today, the latency and throughput for such electronic-photonic GeMM accel- erators
can be significant. The low latency, especially, can open new technological horizons on tracking rapid-moving
objects at nanosecond delays. Our future work will include applications and system-level demonstrations of
processing and filtering mixed signals, along with integrating this PTC into robotics, drones, or small form-factor
satellites such as CubeSats for reducing cluster-scale Al to chip-scale for demonstrating high-SWAP network-edge
AL
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Abstract Photonic systems have unique characteristics that make them well-suited for the implementation of
neural networks. These neuromorphic photonic systems imitate the human process of neural decision making
while operating many times faster than biological or even conventional electrical processors. We have
harnessed the wide bandwidth, wavelength multiplexing, and large number of interconnects of photonic systems
to achieve high performance on a wide number of neuromorphic processing tasks.

Introduction

Neuromorphic  photonics  represents  the
intersection of three academic fields that have
been around for many decades: neural
networks, optical signal processing, and silicon
photonics. Initial innovators in these fields
include John McCarthy on atrtificial intelligence
(Al), Joe Goodman on Fourier optics, and
Richard Soref on the electro-optic effect in
silicon [1-3]. More recently, others have bridged
these fields, such as Dmitri Psaltis with free
space optics and neural networks in the 1980s
[4]. In the 2000s, seminal work by Capmany and
Novak and later Marpaung and Capmany drove
the development of integrated RF photonic
systems [5].

Over the past decade, there has been
increasing demand for improved Al processors
as Al models increase exponentially in size and
complexity. At the same time, the consistent
transistor size improvement described by
Moore's Law has slowed, and conventional
electronic processors face fundamental physical
barriers  preventing  further  performance
improvement. The need for a new model of Al
computation is great. Neuromorphic photonics,
built off of decades of prior research but with
newfound relevance, has grown to fill that gap.

Anticipating the potential of the field of
photonics when applied to Al, in the 2010s the
Lightwave Lab at Princeton University began
implementing neural networks on silicon
photonic chips [6, 7]. We have continued to
develop and refine integrated photonic neural
networks up until the present day, working both
in the continuous-time and spiking domain. This
work has led to successful experimental
demonstrations of integrated silicon photonic
neural networks in application to diverse
information processing tasks [8-11].
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Leveraging Optical Processing for Neural
Networks

Analog optical data processing offers several
key advantages over conventional digital signal
processing. The much greater bandwidth of
optical carriers over RF carriers allows the entire
RF spectrum to be modulated simultaneously
onto a single narrowband optical signal. This
signal faces no ADC bottlenecks and minimal
frequency-dependent distortion. Furthermore,
multiple independent signals may be combined
onto a single waveguide or fiber-optic cable
using different carrier wavelengths (wavelength
multiplexing). These signals may be distributed
and processed in parallel using few physical
interconnects and without the need for
switching. Finally, the optical filters and electro-
optic conversion that may be integrated into
optical processors operate at very short time
scales, enabling ultra-low latency processing
and operating frequencies in the tens of
gigahertz.

These characteristics of optical systems
make them uniquely suited to neural network
processing. Neural networks require large series
of sequential calculations, very large numbers of
interconnections, and nonlinearity to perform
decision-making. Optical processors meet those
needs with ultra-low-latency processing, high-
bandwidth, wavelength-multiplexed
interconnects, and fast nonlinearities
implemented with optoelectronic devices.

Integration of Neural Networks on Silicon

Neural networks emulate biological neural
systems to achieve intelligent decision-making.
Biological neurons perform three key data-
processing operation. They first accept many
distinct input signals and apply weights to them,



multiplying the signal by a coefficient to
determine the “importance” of that signal to the
desired decision. Second, they sum the
weighted signal, integrating the different data
sources into a single quantity. Finally, they apply
a nonlinear thresholding function, determining if
the input data is sufficient to pass forward to
further neurons in the network. This output
signal serves as the input signal to the next set
of neurons.

We implement neural networks on
monolithic integrated silicon photonic chips
using a “Broadcast and Weight” architecture.
Data signals in this architecture are modulated
on distinct wavelengths of light. The signals are
multiplexed onto a single waveguide, then
broadcast to all target neurons, requiring no
switching or routing protocols. Each photonic
neuron implements the three key operations
described previously. Weighting may be
performed in the optical domain using micro-ring
resonators (MRRs). These modulators act as
tunable wavelength-specific filters, transferring a
designated portion of a particular input
wavelength to a secondary waveguide.
Summing is performed by photodetectors, which
collect all input light across wavelengths,
converting photons to an electric current. Dual
balanced photodetectors connected to the
primary and secondary waveguide enable the
full range of positive (excitatory) and negative
(inhibitory) photocurrents. Finally, the electrical
signal is converted back into the optical domain
with a nonlinear optical modulator.
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Fig. 1: Simplified schematic of a photonic neuron. Micro-ring
modulators tuned by an electronic control system apply
weights. A pair of balanced photodetectors (PDs) perform
summing. A nonlinear modulator converts the signal back to
the optical domain while executing the key decision-making
function [9].

Accurate and tunable MRR weighting
represents a key challenge in silicon photonic
neural networks. The resonance of MRRs may
be shifted with the application of heat through
embedded n-doped heaters (the thermo-optic
effect) [12]. This technique has the additional
advantage of enabling feedback control, as the
buildup of light in the resonator shifts the
resistance of the heater. Alternatively, electro-
optic effects may be applied for tuning. This
effect operates extremely quickly, with
demonstrated performance of 1.5-10 GHz using
a forward-bias PIN junction and 45 GHz with a
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reverse-bias junction, making it preferable when
implementing the final, nonlinear modulation
step of the neuron [13, 14]. We have
demonstrated state-of-the-art electro-optic MRR
tuning with 8.5-bit accuracy and 9-bit precision
[15].

Recent developments in photonic
packaging have propelled photonic neural
networks further toward practical application.
We have successfully integrated full weight
control on a single board copackaged with a
silicon photonic chip [15]. Sensitive vertical or
edge optical alignment has been required until
recent days to couple signals on and off chip,
but photonic wirebonds represent a promising
technology that should enable robust fiber-optic
connections to silicon chips, eliminating a key
packaging barrier.

MRR-based weight control has been
demonstrated in a large variety of spaces,
including  optical switching [16], data
interconnection [17], RF beamforming [18],
spiking networks [19], and LIDAR [20].

Our lab has demonstrated complete
neuromorphic system integration on silicon with
foundry-compatible components, and we have
created open-source design tools that enable
quick, in-house optical and electrical design [21].

Neuromorphic Photonics Demonstrations
We have successfully applied silicon photonic
neuromorphic systems to a range of important
applications.

Model Predictive Control (MPC) [9]. MPC is a
control technique wherein each time step
involves computing an optimal path to a target
based on constraints. Its control equation can be
formulated as a constrained quadratic program.
The latency of the program determines the
achievable sampling rate and the control
horizon. The quadratic program may be mapped
onto a recurrent neural network to implement
MPC, enabling ulta-low-latency computation.
We demonstrated a 15 ns convergence time, as
compared to the 12 ms convergence achieved
by a Lockheed Martin FPGA controller, a six
order-of-magnitude improvement.

Blind Source Separation (BSS) [10, 22]. BSS
involves the recovery of multiple independent
input signals from multiple arbitrary but distinct
unknown mixtures of those signals. It employs
independent component analysis, adjusting the
weights of a demixing matrix to maximize
kurtosis, resulting in output signals that are
maximally non-Gaussian and most likely to
match the unknown original signals. Performing
BSS on RF signals in the optical domain allows
us to harness the extremely wide bandwidth of



optical signals relative to RF signals. We have
demonstrated fast, accurate BSS with minimal
digital-signal-processing by implementing the
demixing matrix using a neuromorphic silicon
photonic system, successfully demixing signals
ranging from 1 to 13.8 GHz with 85%

separability.
Nonlinearity Dispersion Compensation [11].
Undersea fiber-optic cables represent the

backbone of the international internet. Signals in
these cables are distorted by nonlinear optical
effects, requiring digital-signal-processing
compensation prior to demodulation. An
integrated photonic solution that reduces the
digital processing burden is therefore in high
demand. We have demonstrated a fully-

integrated photonic neural network that
achieved real-time nonlinearity compensation
using  captured long-haul  fiber  optic

communication data with 0.60 dB real photonic
improvement.

RF Fingerprinting [23]. There are increasing
demands on our wireless communications
systems and limited bandwidth with which to
fulfill them. Cognitive networks represent one
solution, but they present severe security
challenges. RF  Fingerprinting  identifies
transmitters by unique, difficult-to-spoof physical
characteristics in their signals, enabling
physical-level security for cognitive networks.
Artificial intelligence may be applied to identify
these signals. We developed a hybrid photonic-
electronic architecture comprised of a silicon
photonic system and an FPGA that can
successfully classify between 30 identical
transmitters in real time with over 96% accuracy.

Roadmap for Neuromorphic Photonics

Further development in neuromorphic photonic
systems requires better integration of photonic
chips, CMOS ASICs, microcontrollers, lasers,
and both digital and analog memory within a
single package (see Fig 2). This vision of a
general-purpose  hybrid  photonic-electronic
architecture has inspired the creation of a

number of companies in  neuromorphic
photonics, including  Luminous, Lighton,
LightMatter, Optalysys, Lightellience, Optius,

and Optelligence, as well as well as the work of
many researchers at universities across the
world.

Conclusion

Modern technological development has led to a
vast increase in the demand for fast, performant
artificial intelligence. Neuromorphic photonics
has a unique capacity to meet this need, as the
high-bandwidth interconnections and

14

P.2
Q

wavelength-based networking available in the
optical domain match closely to the
requirements of neural networks. We have
developed photonic neural networks on silicon
chips, with fully-integrated optical weighting,
nonlinearity, and interconnections. These chips
have been successfully packaged with control
electronics, resulting in  small form-factor
general-purpose processors. Our processors
have been applied successfully to a variety of
tasks in which they can exploit the key strengths
of neuromorphic photonics.
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Fig. 2. Roadmap for a future hybrid photonic/electronic
general-purpose computing architecture. A silicon chip with
phase-change-material weights controlled by a tightly
integrated CMOS ASIC that includes DACs and ADCs.
Lasers and fiber optic sources are wirebonded to the chip. A
microcontroller with external RAM performs operations not
feasible on photonic systems [24].
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Monolithic cointegration of electronic and photonic devices is expected to enable a new realm
of applications and high-performance chips. This work presents the integration of electronic
circuits in a zero-change commercial Silicon Photonics technology and, as a first application,
reports on the time-multiplexed control of a 16-to-1 optical router enabled by this approach.
Keywords: electronic-photonic cointegration, zero-change technology, MOS transistors

INTRODUCTION

Monolithic electronic-photonic integrated chips (EPICs) are envisioned as the natural evolution of solid-state optics,
enabling a new realm of high-performance systems for telecommunications, automotive and datacenters [1,2]. In
Silicon Photonics, on-chip electronics can be exploited to counteract the sensitivity of optical devices to temperature
variations and ensure reliable photonic functionality. The control circuitry is normally implemented off-chip [3,4],
requiring several connections to access each photonic device. As the number of elements to be controlled increases,
this approach becomes rapidly unfeasible due to space limitations and wirebonding issues. The possibility of
integrating part of the electronics directly on the photonic chip is therefore of great advantage.

The commercially available EPIC technologies try to add photonic components to mature electronic nodes [5,6], with
drawbacks in terms of optical performance and production costs, especially considering the large footprint of
photonic devices. To solve this limitation, in this work we demonstrate the opposite approach and show that
electronic circuits can be integrated in commercial Silicon Photonics technologies without changing the standard
processing steps. As a first application of this solution, we demonstrate the use of an on-chip analog multiplexer to
feedback-control the functionality of a 16-to-1 optical router transmitting a 10-Gbps modulated signal.

MOSFET TRANSISTORS IN SILICON PHOTONICS

The implementation of electronic circuits in Silicon Photonics is made difficult by the Silicon-On-Insulator (SOI) stack,
that is not conceived to implement vertical structures like MOSFETs. The available metal layers are usually at least
700 nm away from the silicon to ensure minimum interaction with the propagating light and are therefore too distant
to be used as transistors gates. To overcome this limitation, we managed to design fully functional lateral transistors
(Fig. 1a). The native SOI layer, lightly p-doped, is used as the substrate of n-type MOSFETs. A p+ doped silicon lateral
gate is then lithographed as close as possible to the transistor body, at a distance of 200 nm. The transistor channel
width W is therefore set by the 220 nm thickness of the SOI layer. The Drain (D) and Source (S) contacts are created
by locally n-doping the transistor body, while a p-type diffusion provides the bulk contact. The channel length L of 4
pum has been chosen with the aid of numerical simulations. The final MOSFET is a symmetric cell obtained by mirroring
the single geometry along the D-S axis and by connecting the two side Gates with a common top metal. Fig. 1b shows
the scanning electron microscope photograph of the fabricated device, while its measured characteristic curve is
reported in Fig. 1c, showing a threshold voltage of 1.84 V, a gain factor pu.CoxW/L of 4 uA/V? and an Early voltage of
35 V. Being the transistors realized without changing neither the processing steps nor the design rules of the photonic
technology (zero-change paradigm), the approach is completely technology-transparent and therefore it can be
implemented in any Silicon Photonics platform, even in multi-project wafer (MPW) runs as in this demonstration.
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Fig. 1. a) 3D view, b) SEM photograph and c) measured characteristic curve of the designed MOSFET in Silicon Photonics.
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INTEGRATED MULTIPLEXER FOR THE REDUCTION OF ELECTRICAL 1/Os IN PHOTONIC CHIPS

The single MOSFET is the main building block of any electronic circuit. By using 596 transistors and 36 resistors, we
monolithically integrated on the photonic chip a 16-to-1 analog multiplexer. A multiplexer can be a key enabling
component for the control of high-density photonic systems, where a large number of sensors and actuators is
required to counteract the sensitivity of optical devices to temperature variations and fabrication tolerances. Indeed,
as the photonic complexity grows, the number of electrical connections towards the external control electronics
increases dramatically, causing problems of routing and area occupation. Time-multiplexing of the sensors readout
can be envisioned as an effective way to reduce the number of these connections, since each detector can be usually
interrogated at a relatively low frequency of few kHz. The designed 16-to-1 MUX is the key component that enables
this operation, allowing to sequentially connect 16 photodetectors to a single external readout by using just 8 pads.
The number of pads required to operate the MUX can be computed as Npaps, mux = 1082(Nsensors) + 4, since 1 output,
2 power supplies and 1 reference voltage are needed in addition to the digital address bits. This number should be
compared with Npaps, no mux = Nsensors needed in the normal case. Therefore, the use of the MUX is advantageous
when more than 8 sensors are read. The advantage becomes more evident as the number of sensors increases, since
doubling the multiplexer channels requires only adding a digital bit.

The schematic of the designed multiplexer, made of digital gates and single-pole double-throw switches, is shown in
Fig. 3a connected to 16 photodiodes (PD). The overall footprint of the circuit is 250 um x 1200 um (Fig. 3b) and the
static power consumption is 3.6 mW with a supply voltage of 12 V. The switching transient of the MUX when changing
the configuration of the digital bits is reported in Fig. 3c, showing a settling time of 500 ns. If, for instance, a readout
rate of 10 kHz is targeted, this speed allows to potentially perform time-multiplexing of up to 200 detectors
interrogated in sequence using just 12 pads. The MUX signal bandwidth is instead reported in Fig. 3d, highlighting
that signals up to around 100 MHz can be routed without relevant penalties by the device.
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Fig. 2. a) Schematic view and b) microscope photograph of analog multiplexer in Silicon Photonics, connected to integrated
photodiodes. c) Measured switching transient and d) signal bandwidth of the device, demonstrating its correct functionality.

TIME-MULTIPLEXED CONTROL OF A 16-TO-1 OPTICAL ROUTER

The presented analog multiplexer has been used to feedback-control a 16-to-1 optical router, whose complexity and
functional scaling is currently limited by the need of external control electronics [7]. The optical router is made with
a 4-layer binary tree of Mach-Zehnder interferometers (MZI) (Fig. 6a), that steer the light from one of the 16 inputs
of the circuit to a single optical output. The state of each MZI is monitored with germanium PDs, while their working
point is set with thermal actuators. Fig. 6b shows the microscope photograph of the EPIC, where the compact size of
the electronic MUX with respect to the photonic router can be appreciated.

To control the optical circuit, a time-multiplexed feedback logic was implemented. The dithering technique in
combination with integral controllers has been used to tune each MZI [8]. We set the dithering frequency to 2 kHz
and the MUX switching to 80 kHz, allowing to read the 4 sensors along each path at 20 kHz and avoid aliasing
phenomena. Differently from the standard technique, deserialization of the readout is needed in this case to extract
4 data sequences from a single ADC bit stream and to apply the generated voltages to the correct heaters. The
deserializer, dithering extraction block, integral controllers and management logic were implemented with an FPGA
on the external control electronic board.
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To verify the correct operations of the proposea system, we perrormed optical measurements assessing the input-
output routing and transmission performance. A laser at 1550 nm, modulated at 10 Gbps with a PRBS31 on-off keying
scheme and amplified with an erbium-doped fiber amplifier, has been injected into the EPIC with a power of 5 dBm.
After on-chip routing, the output signal has been monitored with a high-speed receiver. Eye diagrams and bit-error-
rate (BER) measurements have been performed to quantify the degradation in the transmission quality induced by
the time-multiplexed control. Fig. 4c shows the BER measurements performed for 8 input-output configurations,
requiring to interrogate all the PDs in the chip. An average power penalty of just 0.3 dB with respect to the back-to-
back (B2B) case and a penalty variation of around 0.2 dB among the different configurations are observed, confirming
the correct operation of the MUX and of the time-multiplexed control strategy regardless of the interrogated
photodiodes. The same is also certified by the eye diagrams (Fig. 4d) that remain clearly open in all the conditions,
with an average extinction ratio of 9 dB and a variation of 0.1 dB among the selected light paths.
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Fig. 3. a) Schematic view of the electro-optical system. b) Microscope photograph of the EPIC. c) BER measurements and d) eye
diagrams at 10 Gbps for several I/0 configurations, demonstrating the successful operation of the time-multiplexed control.

CONCLUSIONS

We demonstrated that electronic circuits can be integrated in Silicon Photonics without changing the standard
processing steps. To prove the advantages of this approach, an integrated analog MUX has been successfully used to
feedback-control a 16-to-1 optical router. We envision that the cointegration of electronics inside photonic chips can
really boost the performance of integrated optics and enable new relevant applications and architectures.

Acknowledgements: part of the work was carried out at PoliFab, the nanofabrication facility of Politecnico di Milano.
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Generation of high-frequency phonons in silicon optomechanical crystal
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We report the optomechanical excitation and readout of X-band phonons in a silicon
optomechanical crystal. Bloch mode engineering is used to implement optomechanical cavity
confining 10-GHz phonons with measured quality factor up to 3000. This result illustrates the
potential of the proposed optomechanical Bloch mode engineering in silicon, for applications
in communications, sensing and quantum-state control.

Keywords: micro-wave, subwavelength, radiation pressure, Brillouin

INTRODUCTION

Optomechanical resonators allowed remarkable demonstrations of coupling between photons and phonons in
the context of cavity optomechanics [1] and Brillouin scattering [2]. Silicon photonics provides low production cost
and seamless compatibility with the state-of-art optoelectronic circuitry. However, silicon has a higher stiffness and
acoustic velocity than the silica commonly used as substrate, hindering phonon confinement in structures realized
using the silicon-on-insulator (SOI) technology. Nevertheless, silicon membrane optomechanical resonators [3-5]
have recently enabled a myriad of optomechanical demonstrations, including Brillouin lasing [6] and phonon lasing
[7]. Optomechanical crystals feature small optical volume and high confinement for photons, being of particular
interest for the optomechanical transduction. To optically excite and readout these devices, the optical mode profile
has to be optimized to maximize the overlap with the mechanical mode, which is generally confined within the
silicon [8]. Concurrently, the frequency of the mechanical modes is mainly governed by waveguide width. Hence,
due to trade-offs in optical confinement and optomechanical interaction, most demonstrations relied on phonons
with frequencies below 5 GHz.

Here, we propose and demonstrate a silicon membrane optomechanical cavity interfacing X-band phonons
(frequency near 10 GHz) and C-band photons (wavelength near 1550 nm). Engineering of Bloch modes for photons
and phonons in periodic silicon optomechanical crystal leads to the confinement of high-frequency phonons that
can be optically driven and readout with guided optical modes. This design is experimentally confirmed by the
optical probing of 10-GHz phonons, with high mechanical quality factor up to 3000. The optical control of X-band
phonons shown here opens intriguing opportunities for applications in microwave signal generation and processing,
radar, and quantum transduction [9,10].

RESULTS

Figure 1(a) shows a schematic overview of the proposed silicon membrane structure. The periodic waveguide
comprises a core with a width of W = 340 nm and a thickness of tSi = 220 nm. The period of the corrugation is A =
420 nm, while the teeth have a width of W7 =400 nm and length of L = 100 nm. This waveguide grating supports
several mechanical modes with frequencies above 8 GHz, as shown in Fig. 1 (b). As an example, in Fig. 1(c) we show
the displacement profile of six selected modes, including in-plane flexural mode (l), out-of-plane flexural mode (ll),
transversely-strained/stressed modes (mode Ill and V), and flexion-strain/stress combined modes (mode IV and VI).
For the modes IV and V the maximum of the displacement is localized within the waveguide core.
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Fig. 1. (a) Schemative view of the proposed optomechanical Si grating. (b) Band diagram of the mechanical modes supported by
the proposed structure (c) Normalized displacement profiles of six different optomechanical modes.
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To co-localize the phonons and photons, an optomechanical crystal cavity is formed by reducing the lattice period
from 420 nm in the center down to 380 nm at the lateral mirrors, for a total length of 72 periods. Figure 2 shows
the calculated field distribution for the optical mode, Fig. 2a, and the mechanical mode, Fig. 2b. Optical and
mechanical modes exhibit a good spatial overlap.

(a) h
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) EELET Y )
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Fig. 2. (a) The fundamental optical resonant mode at 1550 nm wavelegth, with transverse-electric polarization. (b) The
fundamental mechanical resonant mode with a frequency of 11.649 GHz.

The fabricated optomechanical cavity is shown Fig. 3 (a). Subwavelength-cladded silicon waveguides (Fig 3(a),
right bottom panel) are used at the input and output of the cavity, alongside with the focused grating couplers for
light interfacing with the cleaved SMF-28 fibers. The cavity is thermally populated by an optical pump at 1547 nm
wavelength. This generation of phonons is monitored via the beating between the pump and generated optical
harmonic sidebands, collected by a high-speed photodetector. Figure 3 (b) shows the radio-frequency signature of
mechanical motions at 10.2 GHz, in good agreement with the frequency of the calculated mechanical mode. The
detail of the radio-frequency spectrum is presented in Fig 3 (c), showing a remarkable quality factor of 2920, from
which we deduce a phonon decay rate of 3.49 MHz.
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Fig. 3. (a) Scanning electron microscope images of the fabricated optomechanical micro-resonator, showing general view and
detail of the cavity center and access subwavelength waveguides. Radio-frequency spectrum of the optomechanical cavity in:
(b) wide range and (c) zoomed-in view near 10.17 GHz.

DISCUSSION

We have proposed and developed a novel optomechanical scheme for the generation of X-band acoustic phonons.
Bloch-mode engineering is used to control the field distribution of the photonic and phononic modes. This proposed
design vyields high overlap between near-IR optical mode and X-band mechanical mode. This design is
experimentally demonstrated, showing optomechanical excitation and readout using an optical mode with a
wavelength near 1550 nm to probe a mechanical mode with mechanical quality factor of 3000, at the state-of-the-
art for ambient, room-temperature conditions. The proposed approach has a great potential for applications in
communications, sensing, and quantum technologies.
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We propose a hybridly integrated, polymer- and InP-based photonic integrated circuit (PIC).
The wavelength accuracy is 0.1 nm over almost the entire C-band, and polarization accuracy
is 1.7° across the entire Poincaré sphere. The technologies used allow for easy scaling.
Keywords: photonic integrated circuits, hybrid integration, polarization, fiber-coupling

INTRODUCTION

Application specific photonic integrated circuits (ASPICs) state an appealing solution for products where low-weight,
small footprint and low-price are crucial for commercial success. Indium phosphide based platforms such as [1]
enable integration of several hundred optical building blocks, e.g., lasers, modulators, amplifiers and detectors on
less than a square centimeter area. Those ASPICs are already deployed in telecommunication, sensing, biophotonics
and signal-processing applications. HHI’s polymer waveguide platform PolyBoard [2] adds the integration of, e.g.,
optical isolators, free-space sections with nonlinear elements, and thin film elements [3-5]. For emerging fields in
photonic integration, such as quantum technology, these functionalities are essential. Merging both technologies
forming hybridly integrated fiber-coupled polymer- and InP-based ASPICs attracts the exploration of new fields in
photonic integration.

In this paper, we present a hybridly integrated PIC for wavelength and polarization detection of the
incoming light. The wavelength determination is mainly realized on a polymer-based wavelength meter (PolyBoard).
Polarization state detection is accomplished with an indium phosphide (InP) based polarimeter [6] directly butt-
coupled and fixed to the PolyBoard. Additionally, U-grooves on the PolyBoard allow for adjustment-free fiber-to-
chip coupling [4], thus reducing the assembly and packaging efforts.

THEORY AND METHODOLOGY

Fig. 1 shows the PIC layouts and a photo of the entire assembly. Light is coupled with an optical fiber simply clicked
into an etched U-groove on the polymer-based wavelength meter (PolyBoard) and is split by consecutive 1x2 MMlIs

.
B Etalon

W' InP-based Polarimeter EEEEEE
MMI Edge Filter ¥; @ B ;— 7

Polarimeter Patz \ "
PolyBoard Wavelength Meter PDs Polarimeter PDs

"\ Optical Fiber. N\
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Fig. 1. Fiber-coupled polymer-based wavelength meter (PolyBoard) containing optical filters butt-coupled to the InP-based
polarimeter PIC

into several paths. The top path of the wavelength meter contains a free-space 67 GHz etalon based on a graded-
index (GRIN) lens with a reflectively coated facet inserted in a PolyBoard free-space section, whereas in the lower
path a thin-film edge filter is inserted into the optical path by means of an etched slot. Each of the two paths is
terminated by a photodiode (PD) on the attached InP PIC. A third polymer waveguide directly guides the light to
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the polarimeter PIC where it is finally detected by a PD array. Angled spot size converters on each PIC provide low-
loss butt-coupling with index-matched epoxy.

The working principle of the monolithically integrated polarimeter is based on interferometry and allows
retrieving the input polarization of the light by measuring device output powers. The sampled output powers
uniquely correspond to the input polarization, expressed by the Stokes vector and can be displayed on the Poincaré
sphere [7]. An initial polarization calibration with four distinct polarizations at various wavelengths as described in
[6] is necessary.

Fig. 2 shows the working principle of the wavelength meter. During initial calibration, the photocurrents
of the etalon and edge filter path are recorded at defined wavelengths across the entire C-band and serve as
reference signal at every particular wavelength. As a result, each measured tuple of photocurrents uniquely
corresponds to a wavelength. In general, an etalon is used since its steeper rising and falling slope compared to the
edge filter path enhances the accuracy of wavelength determination. Nevertheless, the accuracy is reduced around
the maxima and minima.
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Fig. 2. Exemplary relative intensities detected after the edge filter and etalon. (a) For coarse wavelength determination, the
edge filter path is used whereas for fine wavelength determination (b), the etalon path is evaluated.

RESULTS AND ANALYSIS

A multi-contact probe and commercially available sourcemeters are used for detecting the photocurrents while
applying a bias voltage of -2 V. After polarization calibration, 465 distinct polarizations are launched into the fiber
at different wavelengths across the C-band. Using the information from the polarization calibration, the recorded
photocurrents can be expressed by Stokes vectors on a Poincaré sphere. Fig. 3 exemplarily shows the mapping
results at 1545 nm. The input polarizations are treated as target polarizations and are represented by blue circles.
The sampled powers are then converted to Stokes vectors (red dots) which should ideally match the target
polarizations leading to an error (great-circle distance A) of 0° between both. The great-circle distance returns the
minimum distance of two points on a sphere’s surface [8]. Here, the input power independent measurement of the
assembly reveals a mean error of 1.64° and a maximum error of 5.30° at 1545 nm.
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Fig. 3. Experimental results at 1545 nm. (a) 465 target (blue circles) and retrieved (red dots) polarizations are visualized on
the Poincaré sphere. The corresponding heatmap (b) shows the error A§ between the measured and launched state of
polarizations.
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The reference measurements for wavelength meter operation are shown in Fig. 4 (a). For better
visualization, a limited wavelength range in the C-band of 15nm is presented. After calibration, defined
wavelengths with 25 pm spacing are launched into the fiber. The measured photocurrent at the wavelength meter
PDs are converted to wavelengths as displayed in Fig. 4 (b) revealing an average deviation of below 0.1 nm.
Improvements in the resolution can be potentially achieved by means of increasing the slope in the flanks of the
spectral response of the etalon. This can be done by means of decreasing the free-spectral range of the filter
function, which corresponds to increasing the length of the free-space section, or increasing the extinction ratio,
which can be achieve by increasing the reflectivity in the coated facet of the GRIN lenses. Furthermore, the addition
of a second etalon featuring its spectral rising and falling edges at the maxima and minima of the already integrated
etalon would enhance the wavelength determination.
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Fig. 4. (a) Edge filter and etalon reference measurement. (b) Target and retrieved wavelength with absolute wavelength
deviation [AA].

CONCLUSION

We successfully demonstrated a compact fiber-coupled hybridly integrated wavelength meter plus polarimeter
with an accuracy of 0.1 nm over almost the entire C-band and 1.7° across the entire Poincaré sphere. Beyond the
above demonstrated application, the PolyBoard as well as the InP-based PIC enable more complex designs. Scalable
fiber-chip-coupling in etched U-grooves overcomes time and labor consuming alignment of single fibers or even
fiber arrays and allows multi-channel applications without adapting the assembly approach. We paved the way for
further applications based on the proposed assembly technology.
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Parallelization of acquisition beams in optical coherence tomography (OCT) provides a
significant speed advantage for volumetric measurements but is not commercially viable with
current system architectures. We report the development of a four-channel OCT system
employing a silicon nitride CMOS photonic integrated circuit. First OCT measurement results
indicate that this system achieves a signal-to-noise ratio close to state-of-the-art systems with
a four-fold increase in imaging speed.
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INTRODUCTION

Optical coherence tomography (OCT) is the gold standard in retinal diagnostics, providing non-invasive real-time in-
vivo volumetric images of the human retina [1]. However, the high costs and large dimensions of state-of-the-art
systems prevent its use for a wider range of applications, e.g., for point-of-care diagnostics. Therefore,
miniaturization of OCT systems attracts increasing interest. Photonic integrated circuits (PICs) represent a promising
approach to achieve not only more compact but also cheaper OCT systems [2]. However, the performance of
previous PIC-based OCT systems was worse than state-of-the-art systems and potential cost and/or size advantages
were insufficient to result in wider application. To a large degree this is the result of a direct translation of
conventional design approaches used in fiber/bulk optical-based systems to PIC-based systems. By utilizing PIC
intrinsic advantages, the drawbacks of these systems, in particular higher overall losses, can be compensated
making PIC-based approaches a viable option for miniaturized and cost-efficient high-performance OCT systems.

In state-of-the-art OCT systems a single laser beam is scanned over the sample. The returning light from the sample
with low power is then brought to interference with a high-power light from a reference mirror resulting in a boost
of the signal-to-noise ratio. For retinal diagnostics, a fast acquisition rate is required, otherwise, the image quality
suffers due to the combination of the stepwise scanning with the involuntary eye movements of the patients. A
straightforward way to increase the acquisition rate is using multiple probing beams that image different parts of
the retina in parallel. However, from a practical point of view multi-channel systems made of conventional fiber
and bulk optical components are not commercially viable due to the associated costs, packaging requirements, and
maintenance issues caused by the large number of discrete optical components. These limiting factors can be
addressed by employing PICs. Increasing the number of photonic building blocks to realize multiple channels does
not significantly impact the cost of a PIC and due to its monolithic nature, packaging and maintenance of photonic
building blocks within the PIC is not required. In addition, PICs can be combined with CMOS opto-electronic and
electronic components, allowing optical detection and electronic signal processing within a single monolithic CMOS
PIC. This further reduces the need for packaging. In this work, we present a four-channel OCT system based on a
silicon nitride waveguide-based CMOS PIC.

DESIGN OF PHOTONIC INTEGRATED CIRCUIT FOR MULTI-CHANNEL OCT

Two modalities of OCT are predominant, spectral-domain (SD) and swept-source (SS) OCT [3]. In both, spectrally
resolved interferograms are acquired comprising the spatial information of the sample accessible via Fourier
transformation. In SS-OCT the interferogram is acquired with a pair of balanced photodiodes, which is synchronized
to a wavelength sweeping laser source, while in SD-OCT a broadband light source is used, and a spectrometer
resolves the wavelengths. For parallelization, SS-OCT is the modality of choice because it requires only multiple
synchronized photodiodes instead of multiple spectrometers. For the wavelength region 840 nm + 50 nm was
chosen, which is commonly used in OCT systems for retinal diagnostics. Silicon nitride (SiN) was selected as
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waveguide material because of its transparency in this wavelength region. In addition, fabrication of the SiN
waveguides with plasma-enhanced chemical vapor deposition (PECVD) ensured CMOS-compatibility and allowed
the monolithic co-integration of photodetectors and read-out electronics [4].

A critical aspect with respect to the overall performance of a multi-channel OCT system is the routing of light. The
light probing the retina and the returning light from the retina share a common path, therefore, routing light
towards the photodiodes used for detection can result in a significant loss of signal. In a single-channel system high
loss of the signal light can be avoided by using an asymmetric power splitter. By selecting the splitting ratio in such
a way that most of the source light is sacrificed, e.g., for a 90/10 splitter only 10% is used to probe the retina, most
of the returning light (i.e., 90%) is routed towards the detection rather than back to the light source. Due to the
overall higher power demand this option is not viable for multi-channel systems. To address this issue, we devised
a novel system architecture employing a polarization-based path routing scheme [5], in which a broadband
polarization beam splitter (PBS) is used to achieve a low-loss path separation between the probing light and the
returning light. An according system architecture is outlined in Fig. 1(a).
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Fig. 1. (a) Schematic of the layout of the CMOS PIC used to realize the four-channel OCT system. The co-integrated electronic
components are not shown. TE polarized light coming from a swept laser source is coupled to the PIC at the west side via an
optical fiber. It passes a polarization beam splitter (PBS), where the monitor photodiode at the cross port provides a feedback for
the external polarization controller. At the through port, a directional coupler (DC) separates the power into reference and sample
power (30/70). In the sample path the light is split into four channels before it exits the PIC at the north side through a micro-lens
array to reduce the divergence. In the reference path a small amount of the power is tapped towards a power monitor photodiode
and a k-clock, which is used for linearization of the wavelength sweep in the post-processing. A prism at the reference port exit
reflects the light upwards. On the way towards the sample and reference mirror the light passes a 45° rotated quarter-wave plate
resulting in circular polarized light. The returning light passes the quarter-wave plate again resulting in light with TM polarization
being coupled back to the PIC where it is routed via the PBS towards the multi-mode interferometer (MMI). The interfered light
is coupled to a pair of photodiodes used for balanced detection. (b) Schematic of the novel concept used to couple light from the
waveguide to the monolithically co-integrated photodiode several micrometers underneath: A scattering structure deflects the
light out of the waveguide and a metal cage structure enclosing the scattering structure ensures that most of the light is
redirected towards the photodiode. The cage is formed by a trench etch of the cladding followed by metal deposition. (c) Layer
stack of the chip allowing monolithic co-integration of CMOS opto-electronics, electronics, and silicon nitride waveguides.
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Another challenge which had to be overcome was the efficient coupling of the light from the waveguides to the
photodiodes. Using a standalone waveguide grating, light is lost in lateral direction with multiple micrometers of
SiO2 between the waveguide material and the doped silicon of the substrate acting as active area of the photodiode.
To avoid this issue a novel waveguide-to-photodiode coupling structure was developed (see Fig. 1(b)). A scattering
structure is utilized which is encapsuled by metal in all directions except towards the photodiode. This ensures that
most of the light is redirected towards the active area.
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Fig. 1(c) depicts a schematic of the layer stack used for the CMOS PIC. The photonic components were processed at
the back end of line on top of a CMOS chip. Significant effort had to be put into optimizing the fabrication process
to allow waveguides with sufficiently low propagation losses on top of underlying metal layers. Due to the metal
layers in the CMOS backend elevations of tens of nanometers were present in the SiO. after standard CMOS
processing. Therefore, multiple steps of chemical-mechanical polishing had to be applied to achieve a sufficiently
smooth surface for waveguide processing. Propagation losses of 1.3 (1.1) dB/cm were observed for TE (TM)
polarization, respectively, for a wavelength of 840 nm. A penalty of few tenths of dB/cm was observed in
comparison with waveguides processed with the same PECVD without underlying metal layers.

RESULTS

The fabricated CMOS PIC was optically and electronically packaged (see Fig. 2(a)). The PIC-based OCT module was
then included in a modified Zeiss OCT system. For the measurements an EXALOS prototype swept source laser
source was used with a central wavelength of 840 nm, a FWHM bandwidth of 60 nm, a total optical output power
of up to 50 mW (17 dBm), and a repetition rate of 100 kHz. The sensitivity, i.e., the signal-to-noise ratio of a
measurement with a mirror as sample, was determined to be 88-91 dB. The power exiting the PIC per channel was
0.52 mW (-3 dBm), a factor of ~-11 dB results from the selected splitting ratios alone. Fig. 2(b) shows non-averaged
tomograms of different sections of an eye model with similar optical properties as the human retina. The
tomograms were acquired in parallel with a scanning rate of 100 kHz per channel (4x100 kHz in total).

(b)

Channel 1 Channel 2 Channel 3 Channel 4

Fig. 2. (a) Photo of the packaged CMOQOS PIC. (b) First measurement results of the PIC-based four-channel OCT system using an eye
model as sample. Each of the four measurement channels scans a different part of the retina with a small overlap of the area to
facilitate stitching of the individual images into a combined one.

DISCUSSION & OUTLOOK

We have shown that co-integration of SiN photonic, opto-electronic, and electronic components within a single
monolithic chip without a significant loss penalty is possible with the developed fabrication process flow. In
addition, the established polarization-based routing scheme and library of photonic building blocks provides
sufficient performance for OCT measurement. This was shown with a CMOS PIC-based OCT system with a total
acquisition rate of 400 kHz with sensitivities close to 90 dB in a first measurement. More in-depth characterization
is however still required to determine the full performance specifications, especially, the tomograms do not fully
reflect the measured sensitivities. Furthermore, in-vivo measurements are necessary to test the system in a more
realistic scenario.
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Here, we report the initial results of our etch-free hybrid optical waveguide platform and the
novel photonic integrated circuits (PICs) fabricated using this platform. Our waveguide
technology is based on a thin layer of silicon nitride and low-loss polymer. It is a simple, rapid,
cost-effective, and low-loss platform that can be used to fabricate various high-performance
PIC devices.
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INTRODUCTION

Photonic integrated circuits (PICs) hold great promise for future applications such as quantum computers,
neuromorphic networks, portable imaging systems, and disposable sensors. The current technology for fabricating
such devices is based on patterning materials such as silicon, silicon nitride, silicon carbide, etc., which requires
several fabrication steps [1,2]. Processing of these materials needs to be done in a cleanroom environment and
usually, several iterations are needed to optimize the design. Direct access to such fab facilities is limited, and
researchers who do not have such access need to get this service from commercial companies, which is expensive
and has a long lead-time. Such a lengthy process also makes debugging the design almost meaningless. Multi-
project wafer run services have been started as an alternative solution [3]. However, the cost/mm? s still high (~
10k Euros) and the lead-time is even longer.

Two main challenges force one to utilize such an expensive and sophisticated fabrication process. Due to
the high refractive index of mentioned materials, the waveguides must be small to remain single-mode. Therefore,
it seems that using a lower refractive index (RI) material with a more straightforward patterning process is the
solution. However, another challenge arises with a low RI. Reducing the Rl contrast between the core and the
cladding increases the bending loss [4,5]. Therefore, the bending radius of the waveguides in a device with low RI
contrast must be large; making the overall footprint of the PIC is also big. In addition to big device size, large PICs
suffer from propagation loss as well.

We designed and demonstrated a material stack that can be used to make high-performance PICs at a very
low cost and considerably short time. In this method, we pattern photoresist and do not etch the high index material
(silicon nitride, SizsNa in this case) which simplifies the fabrication dramatically. Due to the small Rl contrast, pushing
the resolution to the sub-micron regime is not required and simple photolithography techniques can be used to
make these devices. In addition to being cost-effective and fast, the material stack that we designed also allows us
to make relatively sharp bends with a minimum bending radius of 100 um, which is a big challenge for strip-loaded
waveguides. We found out that these sharp bends can only be achieved for certain mode volume ratios between
the polymer and the high-index layer [6]. This paper will discuss the material stack and demonstrate some of the
devices that we fabricated and characterized by using this fabrication approach.

DESIGN AND EXPERIMENTAL RESULTS
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This platform utilizes strip-loaded waveguides with a high index layer as the core and a patterned low index UV-
curable polymer custom photoresist layer as the guiding cladding (Error! Reference source not found.a). A mode
calculation of this structure shows that the power is distributed between SisNs and polymer layers and the
interaction of the mode with the sidewalls of the polymer is relatively small (Error! Reference source not found.b).
The thickness of the polymer layer is 1200 nm and its refractive index at 1.5 um wavelength range is 1.56. In this
work, SisNs is used as the high index material. Fig. 1 demonstrates the simulation, fabrication, and measurement
results of the optical waveguides and microring resonators. The full-width-at-half-maximum (FWHM) of the
resonance peaks of the elliptical ring resonator was measured as FWHM = 3.3 pm, which corresponds to a quality
factor of Q = 4.7x10°. The propagation loss value is calculated to be — 0.9 dB/cm based on the measured Q values.
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Fig. 1. (a) Beam propagation simulation result of the optical waveguide. (b) SEM image of the cross-section of the optical
waveguide. (c) Red light propagation in these waveguides. Fabricated microcavity devices (d) elliptical (e) race track resonators.
(f) Measurement results of the elliptical ring resonator.

The width of the patterned polymer strip is in the range of 1-2 um, which makes it possible to fabricate by
contact mask photolithography or other diffraction-limited UV photolithography techniques, which is the most
widely available equipment in the cleanrooms. Another advantage of this platform is the possibility of reducing
roughness in the patterned polymer layer by heating it to its glass transition temperature. At that temperature, the
surface tension of the polymer reduces the roughness resulting in smaller scattering loss of the waveguides. The
use of polymer photoresists also enables us to reuse the substrates. Most of the polymer photoresists are soluble
in acetone or their specific remover. Considering that the pattern is only transferred to the polymer photoresist,
one can reuse the substrate by washing the polymer layer.

We designed several PIC components (broadband non-uniform directional couplers, Sagnac loop mirrors,
two different types of coupled-cavity systems, elliptical ring resonators, race track resonators, arrayed waveguide
gratings, and so on) to test the performance of our platform. In Fig. 2, some of the experimental results are given.
With the coupled cavity system demonstrated in Fig.2a, we achieved Fano-like asymmetric resonance peaks. The
structure is formed by using Sagnac loop mirrors and a pulley-type microring resonator. The ultra-broadband 3dB
coupled given in Fig. 2c is a novel concept [7]. It is a vertically shifted non-uniform coupler that operates over a very
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large bandwidth (1300-1600 nm). Different waveguide widths (w1, w2, ws) and vertical shift values (Lshift) were
investigated and the optimum values were obtained through beam propagation simulations.
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Fig. 2. (a) Schematic of the coupled cavity system and (b) its transmission response. (c) Schematic ultra-broadband coupler
design and (d) its transmission response.

CONCLUSIONS

In short, we demonstrated that our new fabrication platform that can provide PICs with low bending and
propagation losses in a very short time for a small budget. This will change the way we prototype PIC devices. We
have already tested several new ideas and demonstrated very high performance. We believe this new approach
will be an enabler for the researchers and companies that are working in the field of integrated photonics.
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InP membrane on Si can empower dense monolithic photonic circuits. However, densely
integrated SOA arrays on this platform face the challenge of poor heat sinking and injection
non-uniformity. In this paper, we propose to tackle these two problems simultaneously by
conducting thermal shunts connecting to the Si heatsink, which also serves as an interposer
for dense electrical wirings. An electrical-thermal model is established numerically for the
SOAs. With the presence of thermal shunts, a 10-um viable pitch is achieved at room
temperature, without forced convective cooling. This array allows a relatively high injection
current density of 5.6 kA cm? before reaching failure temperatures. The injection-
nonuniformity is numerically solved to be 2 %.

Keywords: InP, Membrane, Dense integration, SOA

INTRODUCTION

Indium phosphide membrane on silicon (IMOS) [1] is a promising technology to enhance the integration density of
InP-based photonic integrated circuits (PIC), since it offers nanophotonic waveguides via the high-contrast InP-
benzocyclobutene (BCB)-Si layer structure, in which BCB is the adhesive bonding layer. Although a route to high-
density SOA arrays has already been indicated on this platform [2], two challenges remained unsolved: Efficient
heat sinking through the thermally isolating BCB [3], [4] and dense electrical wirings. In this paper, we aim to solve
these two challenges at the same time by introducing thermal shunts that can act as conduction wires connecting
to the Si heatsink and interposer. Electrical-thermal simulation is conducted to obtain the thermal performance
under different conditions, including current density, SOA array pitch and the presence of the thermal shunt.
Injection nonuniformity of narrow accessing wires necessary for dense arrays is also analyzed numerically by
segmenting the SOA along the length.

RESULTS

The structure of the membrane SOA is depicted in Fig. 1(a). The 2-D thermal profile of the SOA in a plane
perpendicular to the light propagation direction is obtained by numerically solving the electric drift-diffusion
equations for the electrons and holes in the full layer stack, and then calculating the total heat generation of Joule
heating and recombination heating. Contact resistance is not included, since it’s not a fundamentally limiting factor.
As aresult, a direct relation between current injection and heat generation is established. This device-level detail is
needed to analyze the local heat generation of the SOA and design for efficient heat sinking.
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Fig. 1. Thermal profile of the membrane SOA. (a): Schematics showing the layer structure of the SOA. (b): Logarithmic plot of
the heat generation Q at 2.3 kA cm-2 injected current density, which theoretically provides 23dB mm modal gain at 300 K.

4 hotspots are visible in Fig. 1 (b), namely in the Q layer between p-InGaAs contacting layer and p-InP cladding, the
center of the p-InP cladding, the multi-quantum well (MQW) core, and the Q layer between the n-InP cladding and
n+-InP contacting layer. The hotspots in Q layers are due to band discontinuities at the Q/InP interfaces, while in
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the p-InP cladding and the MQW core they are due to higher material resistivity, i.e. lower mobility of holes
compared to electrons, and stronger carrier recombination, respectively. Note that Fig. 1(b) is plotted in logarithmic
scale. As can be observed, the hotspots are more aggregated near the p-side. Besides, for suppression of Zinc
diffusion, an epitaxy direction from n-side to p-side is desired in the fabrication of membrane SOAs [5], which leads
to the p-side being beneath the n-side after wafer bonding and substrate removal. Therefore, it is more efficient to
place thermal shunts made of Ti-Pt-Au connecting to the bottom heatsink (substrate) at the p-side.

After obtaining the maps of heat generation for the single SOA, 2-D heat transfer simulation is performed in the
plane orthogonal to the waveguide direction for arrays of SOAs of different pitches and at varying injected current
densities, in order to quantify the effect of the thermal shunt. In simulation, infinite arrays are considered, which is
the worst-case scenario as there is no lateral heat dissipation. This condition is simulated by one SOA with periodic
boundary conditions on the left and right, as seen in Fig. 2(a). The bottom of the 500 um Si substrate which is in
contact with the heatsink, is set to a constant temperature of 300 K. All other external boundaries are set to
convective with a heat transfer coefficient h =5 W m2K? to emulate a natural air environment without forced
cooling. Parameter sweep is done on the thickness, length and angle of the thermal shunt, and we have found that
a shunt thickness of 200 nm is already sufficient to drastically reduce the core temperature. As seen in Fig. 2 (a) and
Fig. 2 (c), for an extraordinarily dense 10 um SOA pitch and 2.3 kA cm™ current density, the heat originally blocked
by the BCB layer is now successfully dissipated through the thermal shunt made of metal, and a 23 K decrease in
the core temperature is achieved. As seen in Fig. 2 (b), if we aim for a higher injected current at such 10 um pitch,
the scheme without thermal shunt will be unfeasible because the temperature inside the core will quickly reach
370 K (~ 100 °C) and beyond. At this temperature, most of the lasers/SOAs start to fail. In contrast, with the thermal
shunt, the SOA array can withstand 5.6 kA cm™ current density before reaching 370 K. At a large 200 um pitch,
which is close to the situation of standalone SOAs, the scheme with thermal shunt still has more than 10 K decrease
in core temperature compared to the scheme without.
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Fig. 2. Heat transfer simulation of the SOA. (a), (c): Temperature distributions without/with shunts at 2.3 kA cm2 and 10 um
SOA pitch. Note that the bottom of the Si substrate extends outside of the plot window and is not shown. (b), (d): Temperature
in the core without/with shunts at varying SOA pitches and current densities.

Since the thermal shunts at the p-side are made of metal, they can be naturally used as wirings. The Si substrate
can be utilized as an electrical interposer with low-resistance, electroplated gold wires. In this way, the n-side can
be connected together to form a common anode, which can serve as a large thermal dissipator enabling double-
side cooling without the need for flip-chip bonding, as seen in Fig. 3(a). Therefore, even better heat sinking can be
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achieved. However, at high integration density, narrow wires are physically needed, and therefore the injection
nonuniformity due to an electric potential drop in the wiring itself cannot be ignored. Considering fabrication
tolerance, gold wires with a width wa, of 8 um can be used for the 10 um pitch, as seen in Fig. 3(a). The relation
between wire thickness ha, and injection nonuniformity needs to be investigated. This is done by segmenting the
SOA along the light propagation direction, and solving for the electric potential for each segment using Ohm'’s law.
The bias voltage Vj is applied at one end of the SOAs, and the electrical potentials at the other end of the SOAs with
a function of SOA lengths, under different wire thickness and bias voltages are plotted in Fig. 3 (b) and Fig. 3(c),
respectively. As can be seen, for a typical 500 um long SOA, 1 um-thick wires on the Si interposer are sufficient to
provide < 2 % nonuniformity in electric potential at a high 1.5 V bias voltage. This configuration could be further
extended to support SOAs as long as 1 mm with 2 um-thick wires on the interposer, which is readily achievable.
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Fig. 3. Injection nonuniformity of the SOAs. (a) Schematics showing the dense wiring solution. (b): Electric potential at the far-
end of the SOA with varying wire thickness at a 1.3 V bias voltage. (a): Electric potential at the far-end of the SOA with 1 um-
thick access wire at varying bias voltages V.

CONCLUSION

In this paper, we propose to use metal thermal shunts and a full heat spreader to improve the thermal performance
of SOA arrays on a membrane platform. With such thermal shunts, 10 um pitch can be realized within the 370 K
thermal cap at a high current density of 5.6 kA cm™. Together with a Si interposer, the 200 nm-thick thermal shunts
can also be used as dense wiring solutions with < 2 % injection nonuniformity for 500 um long SOAs.
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We present, with Mach-Zehnder structures, a simplified method using one fiber coupling,
rather than two, to simultaneously characterize waveguide group index, dispersion, and
losses along with the imbalance of multimode interference couplers in InP.
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INTRODUCTION

One fundamental component of photonic integrated circuits (PICs) is the passive waveguide (WG). Its spectral
properties are especially important for purposes beyond simple routing, e.g. in ring lasers and long cavity mode
locked lasers. Several techniques have been adopted to obtain the wavelength dependent group index and
propagation loss of WGs. The propagation loss can be obtained from the input and output optical spectra. This
requires a precise calibration of the setup to compensate for coupling and instrument losses, which is difficult to
achieve.

For the group index, one method is to use the free spectral range (FSR) of the interference spectrum from
a Fabry-Perot cavity [1]. This, however, requires an accurate determination of the cavity length which is difficult
due to the inaccuracy of facet cleaving. An alternative method for an accurate group index measurement consists
of using a broad band source, fed into a Mach-Zehnder interferometer (MZI) with one arm containing the device
under test and the other being a free space path. Analyzing the MZI output with an optical spectrum analyzer (OSA),
it is possible to derive the wavelength dependent group index and hence chromatic dispersion [2, 3]. Similarly in
PICs, MZI structures built using multimode interference (MMI) couplers are used to measure the index [4]. Using
multiple MZI structures, one can get the losses and the MMI couplers branching ratios from the interference
spectrum [5], where the values become independent of the fiber coupling losses. This method, however, still
requires fiber coupling to both input and output waveguides, which complicates (semi)automated measurements
significantly.

Here, we propose an MZI based method, requiring only a single fiber coupling, to simultaneously obtain
the group index, losses and imbalance of MMI couplers. Indium Phosphide (InP) integrated MZI structures with
different arm length differences (730.4 um & 210.4 um) are coupled into monolithically integrated DC photodiodes
(PDs), so the dispersion, losses and imbalance can be derived from photocurrents rather than optical intensities.

THEORY AND METHODOLOGY

Fig. 1(a) shows the layout of the integrated MZI structures. Light is coupled with a fiber though the spot size
converter (SSC), split using 1x2 MMls into different MZI structures with various arm length differences 4L, two with
AL=210.4 um and one with 4L=730.4 um, recombined in 2x1 MMIs, and finally absorbed by PDs. For an MZI with
arm lengths L and L+4L, the output intensity lout for varying input wavelengths can be expressed as follows,

A

1520 1545 1550 1555 1560 1565 1570
Wavelength [nm]

Fig. 1. (a) Photograph of the MZI structure, and (b) the Photocurrent spectrum.
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Fig. 2. (a) The extracted group index and (b) the propagation losses and MMI imbalance, all in TE mode.

A
lout = Ine™" [e 270152 1 57 + 267405, S, cos (222D pL )| (1)
where iy is the input intensity, a is the propagation loss in [Np/m], S; and S; are the MMI intensity splitting ratios,
and ng(4) is the group index. The lout spectrum shows fringes due to interference as expected from the cosine
argument.

Given AL, at each wavelength the group index is obtained from the FSR, which is expressed as
AN= )\Z/ngAL. Having the group index, the chromatic dispersion is obtained as D(A) = dng(A)/cdA, where c is the
light speed. From Eq. 1, the losses are obtained from the photocurrent extrema in the interferogram using the
parameter defined below,

- 2 2
I, = ImaxtImin e 200Lg2 457
i =

" Imax—Imin - 285, S,e~@AL )
where the PD responsivity cancels out. Writing the equation in the dB scale, converting the propagation losses from
[Np/m] to [dB/m], and with the help of the quadratic formula, we get the following linear equation,

+dB (i—j) +2AL = dB(Id + JIZ - 1) (3)

where the WG loss a and the MMI Imbalance, dB(S1/S2), can be obtained using two equations with two values of
AL.

RESULTS AND ANALYSIS

The chip was fiber coupled in a setup calibrated for the Transverse Electric (TE) mode with the input wavelength
swept with 0.6 pm steps. For each wavelength, the photocurrent of the PD, biased at -1 V, was recorded to obtain
the interferogram shown in Fig. 1 (b). The FSR was then obtained by fitting a parabola around each peak yielding
the group index spectrum in Fig. 2 (a). Around 1550 nm, a group index of 3.51 and D =-2250 ps/(nm.km) can be
observed for the WG under test with an Fe doped InGaAsP core. Similar values have previously been reported
around 1550 nm as Ng = 3.49 for InGaAsP WGs [6] and D =-1700 ps/(nm.km) for a pure InP sample [7].

The peak and dip envelopes of the interferograms, smoothed with a window of 15 and 3 points
respectively, are interpolated as shown in Fig.1 (b), and Eq. 3 was used to estimate the WG losses and MMI
imbalance shown in Fig. 2 (b). The minimum values (~7 pA) are well above the PD dark current (~2 nA). Propagation
losses fluctuate around 3 dB/cm compared to values ~2 dB/cm from conventional transmission measurements of
the same WG type. The curves in Fig. 2 (b) deviate near the edges, in the shaded areas, which is possibly due to the
low number of fringes in the 210 nm interferogram, and due to the sensitivity of Eq. 2 resulting from the subtraction
in the denominator. This method is nevertheless a fast way of simultaneously obtaining the WG losses and MMI
imbalance.
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Abstract: High quality factor and compact integrated ring resonator are important building blocks
still missing in the long wave infrared region. In this work we report the design of ring resonators
exploiting conformal couplers in a Ge-rich graded-index SiGe platform. Q-factor of 1300 is already
obtained experimentally, while devices are under improvements, targeting values up to 105,

Keywords: ring resonator, silicon photonics, mid-IR wavelength, silicon, germanium

INTRODUCTION

Chemical sensing based on mid-infrared spectroscopy is an extremely versatile technique to identify chemical
substances, as most of the molecules have their fundamental vibrational and rotational resonances in this spectral
range. This wavelength range can thus be exploited to detect small traces of environmental and toxic vapors in a
variety of applications including environment, health care, or industrial monitoring [1-3]. In terms of photonics
platform, silicon (Si) photonics can provide a major impact in mid-IR photonics in terms of compactness, reliability,
and high-volume fabrication. In this context, it has been shown in previous years that germanium (Ge)-rich graded
Silicon Germanium (SiGe) platform, relying on a graded SiGe layer epitaxially grown on Si, can be used with low
propagation losses up to 11 um wavelength, for both TE and TM polarization. A whole set of passive devices have
then been developed, while the first active devices based on non-linear optics [4] and electro-optic [5] effects have
been demonstrated recently. Despite preliminary works on integrated resonators [6], high quality factor (Q-factor)
and compact ring resonator are important building blocks still missing in the long wave infrared region. In this work,
we report the design, fabrication and characterization of ring resonators operating at a wavelength around 8 um.
While current characterization indicate that Q factor is of at least 103, improvements are expected in the future,
targeting Q-factor up to 10°.

RESULTS
a. Waveguide geometry and ring resonator design

A 6 um thick graded-index SiGe waveguides grown on top of Si is employed. Within the SiGe layer, the concentration
of Ge linearly increases from Si up to pure Ge. Therefore, light is confined in the upper part of the waveguide. Further
information regarding this platform can be found in our previous work [7]. Waveguides are designed using rib-like
geometry with a width of 4 um, and an etching depth around 6 pum as shown in Fig.1a. Previous demonstration of
integrated resonator operating around 8 um wavelength were based on racetrack resonators. However, it is known
that each interface between straight and bend waveguide can be responsible for optical losses in the resonator. To
achieve high Q factor cavities, it is important to reduce all origin of losses. Therefore, in this work conformal couplers
are employed, to achieve appropriate coupling between the bus waveguide and the resonator, keeping a single bend
waveguide geometry inside the resonator. As a second advantage, more compact cavities are thus obtained leading
to an increased Free Spectral Range (FSR) when compared with racetrack resonators. The schematic view of the
resonator is thus shown in the fig.1b.
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Fig.1. Schematic view of (a) cross section of the SiGe waveguide: on top of the Si wafer the epitaxial stack is formed by 6 um
graded layer, in which the concentration of Ge is increased linearly from 0 — 100%; (b) top view of the ring resonator design: the
use of a conformal coupler has been proposed as a key to increase the coupling between the ring and bus waveguide

Numerical simulations have been performed to evaluate the resonator minimum radius. Interestingly, thanks to the
high index within the SiGe waveguide, bend radius as low as 40 um are expected to provide negligible contribution
on the resonator loss when compared to the typical waveguide propagation loss of 1-2 dB/cm. The ring radius has
thus been chosen to be 40 um, while the gap distance between the ring resonator and the bus waveguide has been
fixed to 500 nm. The length of the conformal coupler is 20 um, , targeting a power coupling factor (k?) of a few
percents.

b. Device fabrication

Epitaxial growth of the SiGe layer is performed by Low Energy Plasma Enhnaced Chemical Vapour Deposition
(LEPECVD). The fabrication of the ring resonator has then been done by using standard cleanroom techniques,
including electron beam lithography (EBL), followed by inductively coupled plasma (ICP) etching. Fig.2. presents the
top view image of the device using the optical microscope. Waveguides facets were diced obtaining a smooth facet
to facilitate butt-coupling of the free-space laser beam.

Fig.2. Optical microscope image of the ring resonator and bus waveguide design after EBL lithography

c. Characterization of the resonator

The measurement has been performed using an external cavity quantum cascade laser operating in TM polarization.
The wavelength scan has been performed between A = 7.41 pm and 9.3 pum with a central wavelength of 8 pum, and
in steps of 1 nm. The input/output signals were coupled in and out of the chip by means of ZnSe aspheric lenses. The
collected signal was sent either to a microbolometer beam profiler to ensure that light is coming coupled on the
optical waveguide, or to a HgCdTe (MCT) detector to scan the transmission spectrum. The transmission spectrum of
the ring resonator is shown in the Fig.3a. Clear characteristic interferometric pattern of a ring resonator is observed
with a FSR of 63.8 nm which is compatible with a group index inside the ring of 3.99. Figure 3(b) shows a zoomed-in
view of a resonance at 8.07 um. From this figure, it can be seen that the measurement is currently limited by the
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set-up resolution. Using the Lorentzian fit, we obtained a full width at half-maximum (FWHM) of AL ~ 6 nm, which
corresponds to a Q-factor of 1300.
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Fig.3. (a) Experimental transmission spectra of ring resonator operating in the TM-polarization. The ring radius is 40 um with the
coupling length of 20 um. (b.) Zoomed-in view of a single resonance (blue squares) of the left-side graph, showing the Lorentzian
fit (red curve).

DISCUSSION

A compact ring resonator, operating at 8um wavelength and using a conformal coupler in Ge-rich graded SiGe
platform has been reported. From the experimental results, the Q-factor has been approximated around 1300, for a
ring radius of 40 um and a coupling length of 20 um. The structure is currently under improvement to optimize the
coupling coefficient, targeting Q factors of more than 10°.
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Emerging nonlinear and optomechanic applications in silicon photonics demand for on-chip
optical filtering with high rejection and narrow bandwidth. Here, we report a novel geometry
for Bragg filters exploiting modal and subwavelength engineering to achieve narrowband
filtering with high optical rejection. Based on this approach, we experimentally demonstrate
Bragg filters with null-null bandwidths down to 1.8 nm and 60 dB of rejection.

Keywords: Subwavelength, Bragg, narrowband, high rejection, multi-modal.

INTRODUCTION

The existing industrial facilities for electronics are a great advantage for the development of efficient and functional
photonic circuits in the silicon on insulator (SOI) platform. However, several key functionalities remain a challenge
to implement, that is the case for filters with high optical rejection and narrow bandwidth. This filter
implementation is required for applications requiring comparatively high pumping powers to exploit nonlinear
phenomena based on Kerr or Brillouin effects. One typical example are photon-pair sources that make use of
spontaneous four wave mixing (SFWM) in silicon resonators [2-4]. These applications range from quantum key
distribution [5] to optical quantum computing [6]. These integrated photon-pair sources have a huge power
difference between the pump and the photon-pairs leading to the necessity of high-rejection of the pump, up to
100 dBs [7-8].

There have been different approaches for obtaining optical filtering in silicon. Bragg filters have been widely
investigated and implemented [9,10] due to their simplicity (passive elements) and notable performance.
Furthermore, there have been important improvements in the selectivity of the filtering wavelength, both
decreasing the bandwidth down to 1 nm [9-13] and achieving rejection strengths up to 80 dBs [14] in different
instances. Subwavelength metamaterial engineering of the Bragg lattice allows the implementation of weak
perturbations that in turn, yield the narrowband notch responses. However, the rejection level is not high (~ 40
dBs) due the necessity of large filtering sections that enhance the detrimental effect of phase errors produced by
fabrication defects. A recent approach has been demonstrated that utilises non-coherent cascading filters enabling
efficient rejection up to 80 dBs even in presence of fabrication defects [14]. In this approach, several filter sections
are connected with single-mode waveguides. In each Bragg section, the fundamental mode propagating through
the waveguide is reflected into a higher order mode and then, the higher mode is radiated out. There are similar
approaches in which contra-directional gratings were implemented [15-17]. Nevertheless, it has not been possible
to attain rejection up to 80 dBs with narrow bandwidth down to 1 nm in a Bragg filter system.

Here, we propose and experimentally demonstrate an innovative Bragg grating geometry that exploits both,
subwavelength modal engineering and non-coherent cascading to achieve the desired narrowband response while
maintaining the ultra-high optical rejection (>>40dB). The Bragg lattice proposed comprises two different
subwavelength sub-periods that are shifted by half period, as showed in Fig. 1(a). Thus, weak perturbations can be
implemented even if the corrugation width is large. At the same time, the shifting by half a period in the left and
right hand sides of the grating enables the coupling of the anti-symmetric first order mode when the fundamental
mode is reflected [18]. On the other hand, the interconnection of the filters by single mode waveguides ensures the
non-coherent cascading. The main advantage of this geometry is that the coupling strength is determined by the
two subwavelength corrugations difference, so there is freedom to choose the minimum corrugation (dW) [14].
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Fig. 1. (a) Proposed geometry of a single section of the Bragg grating. (b) Transmitted mode profile. (c) Reflected mode profile.

RESULTS

The Bragg grating was designed to operate using transverse-electric (TE) polarized light at a wavelength near 1550
nm in a Si platform of 220 nm thickness and air as upper-cladding. As a first approach, the transmission of the guided
modes was simulated using 3D finite difference in the time domain (FDTD) method. The distribution of the fields is
shown in Fig. 1(b) for the transmitted mode and Fig. 1(c) for the reflected one. Reflected light propagates in the
first-order waveguide mode. Further simulations were carried out to compare the performance of the proposed
subwavelength engineered grating with a simple Bragg grating with rectangular corrugation. The transmission
spectra, shown in Fig. 2(a), implies a reduction of the bandwidth as of the rejection of the filter. Thus, simulation of
the null-to-null bandwidth in relation with the filter length were needed to have a clearer idea of the bandwidth
reduction, as seen in Fig. 2(b).
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Fig. 2. (a) Simulated transmission for comparison of Bragg geometries. (b) Null-to-null bandwidth vs the filter length. (c)
Experimental dependency of the bandwidth and rejection with dW for two different waveguide widths.
(d) Transmittance for three different dW with fixed length.

Filter length L_ (um)

The overall performance of the filters was assesed by fabricating the desired Bragg geometry in a SOl platform of
220 nm thickness and an oxide cladding of 3 um as it is observable in Fig. 3(a) and Fig. 3(b). The main feature to
investigate was the corrugation difference (dW) so the several filters fabricated had a fixed length of 500 um with
a varying dW between 20 nm and 100 nm. The bandwidth and rejection relative to dW were measured and plotted
in Fig. 2(c) for two different waveguide widths. Furthermore, the transmittance for three dW was plotted in Fig.
2(d). From these two experiments it is apparent that the bandwidth can be tuned by changing the dW, which in
part, is correlated with the decrease of rejection.

Finally, a more complex photonic circuit was developed for testing the cascading of the new geometry. The
proposed geometry, depicted in Fig. 3(c), comprises a modal coupler to recover the reflected light from the filters
and 9 Bragg sections connected with single-mode waveguides in S-bend configuration. The transmittance measured
for both, the output through the filters and of the drop output was plotted in Fig. 3(d). The measured bandwidth
is 1.8 nm. The cascaded filter exhibits a rejection of at least 60 dBs (which is the threshold for the detection limit),
which is 35 dBs higher than the single-section filter.
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Fig. 3. (a) Scanning electron microscope images of the subwavelength-enginnered Bragg filter and (b) detailed image of the
corrugation. (c) Schematic of the cascading multi-filter photonic circuit.
(d) Measured transmittance of both the through port and the drop port.

DISCUSSION

The proposed geometry for the Bragg filter was successfully characterized and implemented in a multi-stage circuit.
The application of subwavelength engineering for multi-modal coalescence within the filter proves to be an useful
tool for controlling the null-to-null bandwidth, achieving narrowband responses down to 2 nm. The non-coherent
cascading provides a remarkably high optical rejection, higher than 60 dBs. The subwavelength engineered Bragg
filter’s corrugation is designed to yield weak perturbations by taking advantage of difference in corrugations of sub-
periods. The implementation was done in a SOI platform of 220 nm thickness and with a single-etch step. These
results are promising for further developments of high-performance Si Bragg filters that take advantage of
subwavelength and modal engineering and will be applied to various on-chip applications.
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We experimentally analyze tradeoffs in terms of waveguide losses, dispersion engineering and
single-mode behaviour for different waveguide geometries. Our results suggests that photonic
integrated circuits relying on nonlinear waveguides benefit from including a dedicated
waveguide geometry via multi-layer integration to yield a seven-fold improvement in terms of
loss.
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INTRODUCTION

Silicon nitride (SisNs) is a versatile material platform for photonic integration thanks to its wide transparency
window, strong Kerr nonlinearity, high refractive index, and absence of two-photon absorption [1], [2]. This allowed
the development of waveguides with ultralow loss, in the order of 1dB/m or lower [2]-[4], which proved to be
crucial for SisNs-based nonlinear optics applications, e.g., frequency comb generation [5] and generation of
squeezed quantum states [6]. Nonlinear applications require a careful design of the waveguide geometry to attain
the desired dispersion. These waveguides feature strong confinement but unfortunately are multimode (MM),
which represents a potential problem when assembled together with other linear components to build complex
photonic integrated circuits, e.g., in programmable photonic circuits [7] and quantum photonics [6].

Linear optics requires a single-mode (SM)-waveguide design to avoid parasitic coupling to higher order modes [8].
Starting from a dispersion-engineered strong-confinement design, the only way to achieve SM operation in SisNas is
to reduce the waveguide width. However, this results in a mode with stronger interaction with the sidewalls and
increased radiation loss due to roughness [9]. As a result, there is a fundamental tradeoff between single-mode
behaviour, dispersion-engineering and losses in strong-confinement SisN4 waveguides.

Advances in multi-layer integration [10] would allow bridging between SisN4 layers featuring different thicknesses,
hence effectively overcoming the aforementioned tradeoff. One could envision e.g. to attain dispersion-engineered
nonlinear waveguides in a thick SisNs-layer featuring strong optical field confinement and with the aid of
interposers, enable an adiabatic transition to a low-confinement waveguide geometry with SM operation for linear
processing [11], [12]. Before resorting to implement such a dual-layer platform, it is crucial to evaluate
quantitatively the potential gains in improved losses. That is exactly the objective of this work. Here we present the
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Fig. 1. a) Effective refractive index of the fundamental TE mode and number guided modes (orange lines). b) Color map of
the dispersion (Bz) with the zero-dispersion line (black), the zero third order dispersion line (green) and the effective area
(Aefr) of the fundamental TE mode (red). The magenta crosses represent the three geometries tested and the arrows show
the two strategies considered to attain single mode operation.
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first comprehensive experimental analysis of the trade-offs in optical losses between using a dispersion-engineered
platform and a dedicated platform for single-mode operation. A crucial aspect of this analysis is that the assessment
is done with minimum changes in the etching process, thus allowing for a meaningful and fair comparison between
waveguide geometries.

RESULTS

The three waveguide geometries selected for this study are a dispersion-engineered waveguide with thickness
740nm and width 1900nm (A), a SM waveguide 800nm wide with the same thickness (B), and a SM waveguide with
reduced thickness, i.e. 200nm thick and 1500nm wide (C). The three geometries are represented by the magenta
crosses in figure 1a. The dispersion-engineered waveguide geometry was selected to attain anomalous dispersion
and a third-order dispersion coefficient close to zero (see figure 1b). These parameters are crucial to the generation
of Kerr soliton frequency combs but, as showed in figure 1a, the waveguide supports six modes, three in the TE and
three in the TM polarization. From figure 1a, one can observe that pure SM operation is not possible with a thickness
of 740nm, but a waveguide with width <850nm is SM with two supported polarizations, hence our choice of the
second waveguide geometry B. In figure 1b we can see that in this condition the mode effective area (Ae) is small,
i.e., the interaction with the sidewalls is strong. To decrease the interaction with the sidewalls, we opted for a larger
Aefr, maintaining the SM condition, i.e., the thin waveguide geometry C. Moreover, this geometry maintains a
simulated critical bending radius of ~100um, as showed in figure 2f. This allows the development of more compact
devices compared to ultrathin waveguides, which feature a critical bending radius ten times larger [3].

To test the three geometries, we fabricated two different samples, one for each thickness. The samples were
fabricated on 100mm wafers with a subtractive fabrication approach. The 740nm thick sample followed the
fabrication flow reported in our previous work [13]. The fabrication of the 200nm thick sample followed a simplified
processing since stress release trenches are not necessary for this thickness. As shown in the SEM pictures reported
in figure 2d and 2e, the fabrication process yields waveguides with ultra-smooth sidewalls, believed to be in the sub
nm scale, i.e. below the resolution of our SEM.

To evaluate the loss of the waveguides we designed ring resonators with point coupling and bending radius of
227um. The bending radius was selected to minimize the bending loss and achieve an FSR of ~100GHz. The rings
were characterized via sweep wavelength interferometry in the range 1500-1600nm following the procedure
described in [14]. From the measurement, we obtained the intrinsic linewidth of the cavities (ko). The histograms
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Fig. 2. a), b), c) Histograms of the intrinsic linewidths and equivalent propagation loss measured for the three different
geometries, respectively (A) 740x1900nm, (B) 740x800nm and (C) 200x1500nm and mode field distributions (insets). d), e) SEM
picture of the 740x800nm and 200x1500nm waveguides in tilted view to show the sidewalls. f) Simulated bending loss for the
three geometries considered.
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of ko for the three different geometries are reported in figure 2a, 2b and 2c, with the equivalent propagation loss
on the upper axis. As expected, increasing the confinement factor from a multimode to a single mode waveguide,
without changing the thickness leads to an increase of the equivalent propagation loss. The most probable value
raises from 2.7 dB/m of the multimode waveguide (A) to 30.0 dB/m of the single mode waveguide (B). This is
explained by the stronger interaction of the mode with the sidewalls [15], as clearly showed by the smaller Aetf in
figure 1b, and the mode field distribution in the inset of figure 2b. The most probable equivalent propagation loss
for the thin SisN4 geometry (C) is 4.1 dB/m which is a more than a seven-fold improvement of the propagation loss
for single mode application. This type of geometry will prove beneficial in large devices, e.g., arrayed waveguide
grating multiplexers or long delay lines, where it is paramount to avoid modal dispersion and long propagation
length are necessary.

CONCLUSION

We experimentally benchmarked in terms of losses two different waveguide thicknesses to show the trade-off for
SM operation. We demonstrated that a thinner SM waveguide with moderate confinement has seven times better
loss compared to a strong confinement SM waveguide. This suggests that integrating multiple dedicated platforms
via 3D integration will be beneficial for complex photonic integrated circuits, e.g., quantum photonic circuits.

Acknowledgements: This work was performed in part at Myfab Chalmers. We acknowledge suport from the
European Research Council (GA 771410) and the Swedish Research Council (2016-06077 and 2020-00453).
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Lithium niobate on insulator (LNOI) technology enables the integration of a new generation of
electro-optical devices in complex photonic architectures, but it requires a fine control of
polarization rotation effects induced by waveguide bending. In this work we present the design
and the experimental characterization of a polarization maintaining LNOI waveguide, and we
investigate the influence of the waveguide birefringence on the polarization crosstalk.
Keywords: LNOI, polarization, lithium niobate, optical waveguides

INTRODUCTION

Lithium niobate on insulator (LNOI) has emerged as a promising platform for the integration of fast electro-optical
devices, such as modulators and switches, in complex photonic integrated circuits (PICs). In this technology the
electro-optic effects are enhanced by the strong field confinement in high-index-contrast waveguides with a small
effective area; furthermore, tight waveguide bending enables the realization of compact devices, such as microring
resonators, which are not allowed in classical Ti-diffused lithium niobate technology. LNOI waveguides are typically
rib-shaped and may have tilted sidewall due to the etching process; these features, together with the high-index-
contrast, make LNOI waveguides sensitive to polarization rotation effects due to waveguide bending [1]. Polarization
coupling can occur when the waveguide modes are hybrid [2]. In bent waveguides mode hybridness increases with
the curvature, so bends can act as polarization rotators. Moreover, if along the propagation path the TE and TM
orthogonal modes degenerate, the coupling between them is enhanced [1]. Since lithium niobate (LN) is an
anisotropic material, the birefringence of a LNOI waveguide strongly depends on the orientation of the waveguide
with respect to the LN crystal axes. Waveguides able to maintain the polarization are therefore of main importance
to avoid polarization rotation effects.

In this work we investigate the polarization behaviour of LNOI waveguides, focusing on the polarization rotation
induced by bent sections. We optimize the geometry of a buried rib-shaped LNOI waveguide to mitigate polarization
rotation effects and we validate experimentally the effectiveness of the proposed design.

DESIGN OF POLARIZATION MAINTAINING LNOI WAVEGUIDES

Polarization coupling in bent waveguides can be treated in the framework of coupled mode theory and the following
expression provides the TE-TM power conversion efficiency [1]

_ k,% . 5 ,  (Bre— ﬂTM)Z)l/Z
K= G " ((k" M L)' W
P )

where L is the length of the bend S5 and Sy, are the propagation constants of the fundamental TE and TM modes,
respectively, and k,, is the polarization coupling coefficient that depends on the modal fields, on the refractive index
profile of the waveguide and on the bending radius [1, 2]. In general, both propagation constants and k, depend on
propagation direction. To mitigate polarization coupling, k,, should be reduced. This is possible by decreasing the
waveguide index contrast, by choosing waveguide geometries which are symmetrical with respect to the horizontal
axis or by increasing the bending radius [2]. Alternatively, the phase mismatch term Srg — Sy, Which depends on
the waveguide birefringence, can be increased. Both strategies reduce the TE-TM polarization crosstalk K.

The waveguides considered in this work are realized on a X-cut LNOI wafer, so the extraordinary axis Z (n, = 2.138)
lies in-plane, and the ordinary axes X and Y (n, = 2.211) are out-of-plane and in-plane respectively. For this cut,
there are two relevant waveguide orientations: Y-propagation and Z-propagation. In the former the propagation
direction is parallel to the Y-axis, while in the second one is parallel to the Z-axis. The waveguide has a rib-shaped
cross-section (Fig. 1.a) and, after the etching of the LN films, the rib has a trapezoidal shape with sidewalls slope of
about 30°, as shown in the SEM photograph of Fig. 1.b. Moreover, a shallow etching reduces propagation losses. Test
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patterns including bent waveguides with different radii were fabricated to experimentally investigate polarization
rotation effects (Fig. 1.c).
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Figure 1. (a) Schematic of the waveguide geometry. (b) SEM picture of a LNOI waveguide. c) Top view of an S-bend waveguide
pattern. The straight sections are aligned with the crystal axis.

The parameters for the optimization of the waveguide design are then the slab height (hg,p), the thickness of the LN
film (hyn), the cladding refractive index and the waveguide width (w,,). Figure 2.a shows the effective indices of the
first three guided modes for a 700-nm-thick rib waveguide with hg,, = 400 nm and air cladding for different values
of wyp. In Y-propagation the effective indices of the fundamental TEoo and TMoo modes are almost the same for any
waveguide width, meaning that the structural birefringence is compensated by material birefringence [3]. As a result,
for this crystal orientation, the fundamental modes are almost degenerate and even a small perturbation of the
waveguide profile, including sidewall roughness and bends, can induce a coupling between the TE and TM
polarization. On the other hand, in Z-propagation, the birefringence is one order of magnitude higher (B ~ 0.18) and
the waveguide shows almost a degeneration for the TMoo and TEio modes around wy, = 1.6 um, which could be
exploited to realize polarization splitter rotators [4]. Considering Fig. 2, we designed the waveguide cross section to
maximize the birefringence in Y-propagation using a FEM mode solver. The optimized geometry has h;y = 550 nm,
hgap = 250 nm. The birefringence in Y-propagation is about 0.017 and it is almost independent from the rib width
(Fig 2.b) while a value of 0.22 is observed in Z propagation. The waveguides are single mode up to a rib width of
1.0 pm.

(a) , . (b)
Y-propagation Z-propagation Y-propagation
2.05 1 1 0.020
Y )
700 nm I 1 oY -t
— 400 nm ",r 0.018 1
2.00 A f 1 o ~N
y
b " »7| @o0.016
Rl _‘,__r_’."'—. ._J’ =
= 1,951 e =i 0 gas]| §
gt A* o L
= - g =
E cr'::’ -1 "” r" -
@ 1.901 57 - 1 £ 0.012 550 hm l |
- -e- TEOO _250nm
o ~e- TMOO 0.0101 1
1.85 1 e 1 o=
s’ e~ TE10
| | | ! ‘ ‘ 0.008 ; ‘ . | | |
o s 20 10 15 50 0.75 100 125 150 175 2.00
rib width [um] rib width [um] rib width [um]

Figure 2. (a) Effective index of a LNOI waveguide with h;y = 700 nm, hg,, = 400 nm and air cladding for the Y and Z
propagation directions. (b) Birefringence for different rib widths of the optimized waveguide.

EXPERIMENTAL RESULTS

Two waveguide designs have been compared experimentally to evaluate their polarization behaviour. The first one
is the 700-nm-thick rib waveguide of Fig. 2.a, the second one is the optimized 550-nm-thick waveguide of Fig. 2.b.
The thicker waveguide shows a much weaker birefringence (B ~ 0.007) in Y propagation. To assess the polarization
rotation, the 90° S-bends shown in Fig. 1c, with radius R from 50 um to 250 pm were used. The input/output straight
waveguide sections are oriented along Y-propagation, while the inner straight waveguide section within the 90° S-
bend is oriented along Z-propagation; in the latter section, polarization coupling is negligible because of the high
waveguide birefringence. Fig. 3 shows the evolution of the polarization state (SOP) at the output of the S-bend over
a wavelength range of 10 nm centered at 1550 nm when a TE mode is injected into the input waveguide. In the first
low-birefringence waveguide the SOP wraps all around the Poincaré sphere (Fig 3.a) because of a strong polarization
coupling. On the optimized waveguide, the higher birefringence keeps the SOP almost stable around the TE input
polarization point (Fig. 3.b).
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Figure 3. Evolution of the SOP on the Poincaré sphere and Stokes parameters at the output of an S-bend with rib width wy.;, =
0.7 um for waveguides with different birefringence: (a) 700-nm-thick, B = 0.007; (b) 550-nm-thick, B = 0.017.

For weak polarization coupling, the polarization crosstalk K can be approximated as

s
K = max( 5 1) ~kjL?, (2)

where s; is the first normalized Stokes parameter. In Table 1 the polarization crosstalk of the 500-nm-thick waveguide
is reported for different bending radii. For sharp bends the crosstalk decreases by increasing the bending radius R.
However, for large R the crosstalk increases because the overall length of the S-bend increases. The estimated value
of k,, derived from eq. (2), does not increase linearly with 1/R so the polarization crosstalk K depends on both the
length of the bend and its bending radius. Hence, to realize a bend with defined angle 6, an optimum value of bending
radius exists, which for 8 = 90° is 140 pm. This means that to mitigate polarization crosstalk it is not enough to
increase the bending radius, but it is necessary to carefully design the geometry of the whole bend.

R [um] K [dB] kp [um™1]
50 -11.46 5346.01
110 -14.29 1754.31
140 -15.24 1235.58
170 -14.51 1106.75
200 -13.49 1057.96

Table 1: Polarization crosstalk introduced by a 90°+90° S-bend (Fig. 1c) with rib width of 0.7 um and variable bending radii.

CONCLUSIONS

In this work we investigated the polarization coupling phenomena in LNOI bent waveguides. An optimal waveguide
cross section that guarantees single mode operation and high birefringence is found. An experimental analysis
demonstrated that in bent waveguides exists an optimal bending radius R that minimizes the polarization crosstalk.
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A lumped element electro-absorption modulator (EAM) with ultra-low parasitic capacitance
contacts is presented. The device uses a carefully designed contact pillars and semiconductor
etches to minimise the capacitance of the EAM in order to facilitate high speed operation.
With parasitic capacitances minimised to = 15fF, S21 simulations extracted from experimental
S11 measurements predict a 50um long EAM with speeds of up to 80GHz.
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INTRODUCTION

Photonic integrated circuits (PICs) have been evolving over the past 10 years to progress from the research to the
commercial stage. Market studies predict a market volume of 3.3bn USD by the year 2027. [1] Photonic integration
has already been a subject of research since the 1980s using optically passive waveguide materials, with particular
interest in InP along with the related compound semiconductor materials; InGaAsP and InGaAlAs. Their natural
wavelength range of operation of about 1300-1650nm perfectly matches the optimal spectral range of optical
fibres used for fibre optic communications. Beyond passive-optical functionalities, this class of material is also
capable of providing active optical functions, namely laser light generation and detection, making it a perfect choice
for full monolithic integration.

Electro-absorption modulators (EAMs) based on the Quantum Confined Stark Effect (QCSE), have a low
driving voltage, high extinction ratio, are easier to integrate with single mode lasers, and are relatively short
(<150um). [2] The robust design and operation of EAMs allow them to be integrated monolithically to form effective
optical components. In this work, we will highlight a novel flexible RF electrical contact scheme, showing parasitic
capacitance as low as 15fF. The design and fabrication process of an EAM utilising this contact scheme will be
detailed, and shown to operate with a bandwidth of up to 80GHz.

DEVICE DESIGN

The lumped EAM device was fabricated on two different in-house grown InP based materials which were designed
to modulate wavelengths surrounding 1310nm. The first material was optimised for lumped EAM fabrication and
made use of 12 quantum wells with a width of 9nm. The second material was designed with the monolithic
integration of lasers in mind and thus uses 6 quantum wells each with a width of 9nm for use in fabricating externally
modulated lasers (EMLs). EAMs of varying lengths were fabricated ranging from 50 to 175um. As shown in Fig. 1
the modulating section of the EAM is electrically isolated from a surrounding pseudo-passive section by etching
away the contact layers on the waveguide between these sections. This technique resulted in a measured isolation
resistance of >10 kQ. The term pseudo-passive is used here to describe how the section surrounding the EAM is
absorptive to 1310nm light if unbiased, but will become passive if sufficiently forward biased.

| O S p Metal [l N Metal

Figure 1 - On the left is a 3D model of the EAM device showing the main EAM waveguide connected to the signal contact and
two accompanying ground contacts suitable for a GSG probe. On the right is a SEM image of the fabricated device.
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In the ideal case the EAM is a lumped element with differential resistance Rjand capacitance Cj. Thus, the
response time of this circuit goes as R;Cj, which determines the bandwidth. The EAM is dependent on the electric
field across the quantum well region to induce the QCSE. When reverse biased, the resistance of the EAM is high,
thus a load resistance, R is typically placed in parallel to terminate the device and minimise electrical reflections
back to the source. [3]

Ridge

Ground
pad

Ground

Pad Signal Pad

Figure 2 — Electrically, the EAM device can be broken down into 3 distinct sections; the contact pad, the metal bridge
connecting the contact pad to the EAM, and the EAM itself.

As seen in Fig. 2, the EAM can be separated into three distinct electrical sections; the GSG contacts, the
metal bridge suspended on a polymer connecting the signal contact to the EAM, and the EAM itself. The contact
pads and the bridge are part of the contact scheme to deliver the RF signal to the EAM as the width of the waveguide
forming the EAM is on the order of 2.5um which makes direct probing or wire-bonding the device significantly more
difficult. These contacts give rise to parasitic impedance to the microwave signal delivery. As the bandwidth of the
EAM; faasis inversely related to the impedance of the circuit, minimising these parasitic impedances maximises the
EAM’s speed.

CONTACT PAD OPTIMISATION

Top View

Cross Section

N Doped Substrate

Figure 3 - On the left is a DC device with GSG contacts on an n-doped substrate. On the right is a modified contact scheme
designed to minimise the influence of the signal pad's capactiance.

In the fabrication of DC devices (<10GHz operation), an n-doped substrate is often used as shown in Fig. 3. This is
unsuitable for high-speed performance as the signal contact pillar’s parasitic capacitance is large which limits the
devices overall speed. In the structure optimised for high-speed performance a semi-insulating substrate is used
and the contact pillars are isolated via a deep etch into the semi-insulating substrate. This isolation prevents charge
buildup below the signal contact, eliminating the capacitance between the signal contact and the n-doped layers.
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Figure 4 — On the left is the test structure fabricated to perform an isolated measurement of the parasitic capacitance of the
pads. In the centre is a fitted model of the experimental data. On the right is the S11 measured.

While the capacitance of the signal contact with the substrate directly beneath it has been eliminated, there is an
associated capacitance between the signal contact and ground contact. A test structure based on Fig 3 was
fabricated in order to test the resultant parasitic capacitance of the isolated pillar contacts. This test structure was
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characterised by measuring the S11 scattering matrix from 0-40GHz using a vector network analyser (VNA). The
measured complex impedance values were then fitted to an LRC circuit model by applying a least squares
minimisation to the magnitude and phase data, with the extracted capacitance being = 5fF for the device.

BRIDGE OPTIMISATION

With the impedances of the contact pillars known the additional impedance of the metal bridge connecting the
pillars to the ridge waveguide was quantified using a test structure as show in Fig. 5. The metal bridge forms a pair
of capacitor plates with the lower n region remaining following the deep isolation etch as shown in the figure
below. By characterising the S11 data of the test structure shown and accounting for the impedances of the
pillars, the parasitic capacitance of the bridge was experimentally verified from S11 analysis to be = 10fF.
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Figure 5 - On the left is the test structure used to determine the metal bridge’s contribution to the EAM'’s parasitic
capacitance. In the centre is a cross section schematic of the source of the bridge’s capacitance. On the right is the fitted
model of the experimental data measured.

EAM MEASUREMENTS

Through experimental characterisation of the previous test structures, the characteristics of the EAM were able to
be isolated through S11 measurements of the device. This process was applied to EAMs of lengths varying from 50
to 175um. Fig. 6 shows the simulated S21 graph based on these experimental results which shows a fzgs of up to
80GHz for a termination resistance of 25Q.

80 —=— 6QW - 25 IMP
—e— B6QW - 50 IMP

"\TGO— —&— 12QW - 25 IMP
5 —v— 12QW-50 IMP
D 40 -
N

20

0 T T T T T T T T T T T T T 1

25 50 75 100 125 150 175 200

EAM Length (um)

Figure 6 — Over 60 devices were experimentally characterised. By isolating the parasitic capacitance measured before,
simulated S21s were generated and figs were extracted for devices of varying length. The average value for each material is
presented above for impedances of 25Q and 50Q

Acknowledgements: This research was funded by Science Foundation Ireland (SFI) through the Irish Photonic
Integration Centre (IPIC) under SFI-12/RC/2276_P2.

CONCLUSION

A lumped element electro-absorption modulator (EAM) with ultra-low parasitic capacitance contacts has been
shown with parasitic capacitances minimised to =15fF. S21 simulations extracted from experimental S11
measurements predict a 50um with average fsqs speeds of up to 80GHz based on experimental data.
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We introduce a novel dual sacrificial layer, comprising of InGaAs plus AlinAs, for releasing InP-
based devices in the transfer printing process. We double the etch rate compared to either
AllnAs or InGaAs alone, along with enhanced selectivity to InP, including at room temperature
release. Extremely smooth surfaces are obtained for improved adhesion with transfer
printing.
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INTRODUCTION

Photonic integrated circuits (PIC) are the need of the hour to satisfy the demand for ever-increasing data rates.
Silicon is the leading material for PIC, due to its high refractive index contrast in SOI platforms, facilitating small
footprint devices and mass production via existing CMOS foundries. However, it is an indirect bandgap
semiconductor, which demands integration with compound semiconductors to realise active components. There
are multiple ways for integration such as a 3 um SOl platform with Ge photodiodes [1], InP based generic integration
[2], epitaxially grown 1lI-V on InP/SOI [3], wafer bonding of IlI-V on Si [4] and transfer printing of IlI-V on Si [5].
Among all these techniques, transfer printing (TP) is considered here for its salient features such as efficient reuse
of expensive substrate wafers, high throughput and room temperature integration, taking less than 40 s for single
printing [6]. To perform TP, the devices (also called as coupons) made on the source wafer are released from its
substrate using a sacrificial layer. These released coupons are mechanically held in place via tethers, which are
picked using a PDMS stamp and then printed to target wafers.

Thus far, InP-based epistacks have used either AllnAs or InGaAs as the sacrificial layers, which are wet etched using
dilute FeCls. In [7], InP ridge lasers are released using 1 um of n-doped InGaAs, where the lasers coupons are
oriented along 45° to the major axis i.e. along <010>, due to the anisotropic etching property of InGaAs in FeClz. An
etch rate of 1.3 um/min at 18 °C, along with smooth coupon interface was obtained. However, there are two
drawbacks, firstly, undercut takes a long duration and during the wet etch the surrounding InP layers are slowly
etched vertically creating a ‘dish’ profile. Thus, the selectivity of InGaAs/InP is an important parameter, which is low
at 735. Secondly, the density of coupons on a wafer is reduced, due to the requirement of <010> alignment. In [8],
a comparative study between 500 nm of n-doped InGaAs and AllnAs layers as sacrificial layers is done, in which
AlInAs has isotropic and faster etch rate compared to InGaAs in same FeClz mixture. In this work, we combine both
AllnAs and InGaAs release layers, via which we have achieved enhanced benefits in comparison to earlier works.

The two most important requirements of a sacrificial layer are the etch rate and selectivity to InP. Here we have
achieved almost twice higher etch rate both at 4 °C and at room temperature. Generally, as the etch rate increases
(e.g. room temperature process) the selectivity decreases. However, we could achieve, 1.3 and 3 times greater
selectivity compared to [8], [7] at around room temperature, along with higher etch rates. Due to this combined
effect, the undercut process can be carried out at room temperature itself saving the time of reducing the
temperature to 4 °C. Along with faster etch rates wider coupons could be released quickly. We also achieved
extremely smooth coupon interface for adhesive-less transfer printing. This is achieved by growing InGaAs on top
of AllnAs, where InGaAs is etched both laterally as well as from the bottom, which speeds up the release, and makes
the etch profile more isotropic.
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FABRICATION PROCESS

The epitaxial stack consists of 1 micron of n-doped InP on the sacrificial layers consisting of 400 nm of InGaAs and
100 nm of AlinAs on an (100) oriented InP wafer. Using a silicon nitride hardmask a range of rectangular, square
and circular mesas, with widths varying from 40 pum to 400 um and diameter from 50 pum to 500 pum, oriented along
0°, 45° and 90° to the major axis <011>, as shown in Fig. 1A, are etched into the substrate, exposing the sacrificial
layers. The sacrificial layers are etched using a wet chemistry of FeClz:H20 (1g per 2 mL) at 4 °C and 22 °C £ 0.1 °C.
Three different etch rates are involved, R1-lateral etch rate along <011> for AlinAs, which is 55 nm/s, taken from
[8] at 20 °C. R2-etch rate of <010> plane for InGaAs, obtained from [7] at 18 °C is 22 nm/s. R3 is the vertical etch
rate along <100> for InGaAs, at room temperature is measured to be greater than 110 nm/s. Though there is a
slight difference in temperature and doping between reference and this work, we take R3 > R1 > R2. At the start of
wet etch, only the <011> and <011> planes are accessible. The etch rate of AllnAs is higher than InGaAs and is
isotropic, so AllnAs starts being undercut (R1). Once AllnAs is etched then InGaAs can also be accessed from beneath
along <100> (R3), which has a rapid etch rate. Thus, having a 100 nm of AlinAs layer below InGaAs, facilitates the
ingress of the etchant in vertical direction, thus etching InGaAs faster matching that of AlinAs.

1
fa)}  Hardmask  (b)  Hardmask
InP 1 pm InP
|
AlinAs 100 nm AllnAs
InP substrate InP substrate
(c) P Hardmask (d) Hardmask
InP InP
o
-— AllnAs s Rl1=> AlinAs
InP substrate InP substrate (B}
4

Fig. 1A, Schematic of crystal orientations shown with coupons along 0°, 45° and 90° to the major axis. B, schematic of the
coupon fabrication process. C, The inset shows the microscope image of the coupon interface. White Light interferometry gives
a roughness of 2 nm on the bottom side of the 150 um x 50 um coupon.

RESULT AND ANALYSIS

The coupon surface is examined with Scanning Electron Microscopy (SEM), Atomic Force Microscopy (AFM) and
White Light Interferometry (WLI). The interface is highly smooth as measured by WLI (Fig. 1C) and confirmed again
by AFM, giving roughness of the order of 0.2 nm over 10 um x 10 um. Fig. 2 shows a comparison between this dual
release with InGaAs [7] and AllnAs release layers [8]. Figure 2(A) is a plot of etch depth as a function of time, for
coupons oriented along <011>, <010> and <011 > at 6 °C. With the dual release we succeed in obtaining similar etch
rate irrespective of coupon orientation. This confirms that anisotropic nature of InGaAs etch has been overcome by
using the AllnAs layer below. This enhances vertical chemical access along <100> plane to InGaAs with rapid etch
rate. Figure 2(B) shows the etch rates as a function of bath temperatures. It can be seen that the dual release has a
higher etch rate of 2 um/min and 4.85 um/min at 4 °C and 22 °C, respectively, which is an improvement over earlier
works. Figure 2(C) is a plot of the selectivity, which is defined as the ratio of lateral etch rate along <011> direction
of release layer to vertical etch rate of InP along <100> direction. From [7,8] the selectivity is shown to decreases
with temperature. For AlinAs/InP at 20 °C the selectivity is 1620, and for InGaAs/InP at 18 °C the selectivity is 735.
With the dual release structure the selectivity of (InGaAs+AllnAs)/InP at 22 °Cis 2127. By comparing plot B and C,
we can say this dual release stack has higher etch rate as well as higher selectivity at 22 °C. It is a room temperature
process with faster etch rate and increased selectivity.
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Fig. 2: A, shows the etch depths for coupons of different orientations in this work along with InGaAs[7] and AlInAs[8], B, C, are
a comparison of etch rates and selectivity between dual release layers and [7,8].

CONCLUSION

This work presents the result of combined sacrificial layer of InGaAs plus AlinAs for InP based devices, used in
transfer printing. We could achieve rapid release with higher selectivity to InP even at room temperature compared
to separate individual release layers. The entire release process is faster and easier because of not having to cool
the bath temperature to 4 °C, in order to get better selectivity. The etch rate is almost the same along all planes
<011>, <010> and <011> unlike InGaAs, thus enabling device alignhment along <011> plane. We also obtain an
extremely smooth interface, enabling good adhesion during transfer printing in comparison to only AllnAs sacrificial
layer. In future, optimizing the thickness of each release layer could be considered to improve the etch rate and
surface quality.
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In this work, ordered symmetric Surface-Enhanced Raman Scattering (SERS) gold
nanostructures were fabricated and characterized. The fabrication protocol is divided into (i)
nano-wedges process and (ii) Au-shaping process. The SERS activity was analyzed by
calculating the analytical enhancement factor (AEF) and interpreted by finite-difference time-
domain (FDTD) simulation.
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INTRODUCTION

The Surface-Enhanced Raman scattering (SERS) effect is produced by the resonant oscillation of conducting
electrons at the interface of metallic nanostructures under light irradiation, which greatly increases the Raman
signal of the molecules in contact with the metallic surfaces. In this way, SERS overcome the main drawback of
Raman spectroscopy, i.e., its lack of sensitivity, while keeping its selectivity, i.e., recording the fingerprint of the
absorbed molecules. The regions with the highest local electric field are called “hot spots,” and, generally, they are
located in small gaps between metallic nanostructures. This signal enhancement allows using SERS as an analytical
tool in multiple applications, such as biomedicine, security, healthcare, environmental monitoring, and the agro-
food industry.

The SERS enhancement effect is produced by combining an electromagnetic mechanism and achemical mechanism
[1]. The electromagnetic SERS enhancement depends on the dimensions of the nanostructures, and can be
predicted by finite-difference-time-domain (FDTD)-simulations, allowing to generate a better understanding of this
SERS mechanism and to improve the interpretation of the experimental data.

Top-down fabrication offers many options for fabrication of well-controlled nanostructures with a wide selection
of sizes and geometries, excellent reproducibility, and wafer-scale uniformity [2,3]. Among others, displacement
Talbot lithography (DTL) is an emerging patterning technique by means of which ordered nanostructures can be
produced with a monochromatic beam over large areas [4].

In this work, symmetric gold (Au)-nanostructures have been fabricated, and it SERS activity was studied (Fig. 1). The
fabrication protocolis dividedinto (i) nano-wedges process and (ii) Au-shaping process. The analytical enhancement
factor (AEF) was measured using rhodamine 6G (R6G) as an analyte. The comparison of the experimental results
with FDTD-simulations allowed us to understand the electric field distribution over the various Au-nanostructure
configurations [5].
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Figure 1. Schematic overview of the process for creating symmetric Au-nanostructures.

EXPERIMENTAL SECTION

The mainstep in the nanofabrication of these SERS substrates is the sputtering of Au films ontosilicon etched nano-
wedges. Briefly, the first step, named the “nano-wedges process,” produced a template for the realization of well-
defined Au-nanostructures with highly reproducible nanogaps (Fig. 1a). Here, a combination of three techniques
was employed: (i) DTL, (ii) reactive ion etching (RIE), (iii) and anisotropic wet etching of silicon. The second step,
referred to as “Au-shaping process” (Fig. 1b), consisted of a sputter deposition of Au onto these nano-wedges and
further nanomachining (amongothersion beam etching (IBE)) into gold nanostructures with defined nanogaps, i.e.,
symmetric Au-nanostructures. Notethat thethickness of the sputtered Aufilm, in combination with thetimelength
of IBE, determined the remaining Au-pattern around a nano-wedge was symmetric.

The plasmonic effect was simulated usingthe FDTD method by means of a commercial software package (Lumerical
Solutions Inc, FDTD solutions). An Alpha 300 Raman spectrometer was used with a confocal optical microscope.
Excitation of the samples was carried out with a 633 nm laser at room temperature, a laser power of 3 mW, and an
acquisition time of 1 s. SERS substrates were incubated overnight in R6G 1 uM; then rinsed in distilled water and
air-dried. Subsequently, on the specimen, three different maps of 50x50 pum? containing 100 measurement
locations were measured. The Raman intensity of the C-C stretching vibrational mode of R6G at 1510 cm™ was used
as a mapping signal. The AEF was calculated according to equation (1):

AEF = (Isgrs/Csgrs )/ (Uraman/Craman ) (1)

Where: Craman and Csgrs are the R6G concentrations during the Raman measurements and SERS conditions,
respectively. Isgrs is theintensity of the R6G molecules on the SERS substrates, and Iraman cOrresponds to the intensity
of the R6G molecules measured in the liquid phase (1 mM concentration).

RESULTS and DISCUSSION

The dimensions and characteristics of the fabricated SERS substrates are summarized in Table 1, and Fig. 2a shows
the SEM images. In a SERS substrate, the most important requirements are large-scale uniformity, reproducibility
during nanofabrication, and robust SERS signal intensity. These parameters are studied by evaluating SERS intensity
mappings at three different locations on the same SERS substrate. From averagingthe mapping results, the AEF was
calculated using equation 1.

FDTD-simulations help to understand the possible origin of such enhancement. The electrical field intensity
distribution for symmetric Au-nanostructures is shownin Fig.2b, in which the color scale represents the normalized
amplitude of the enhanced electric field intensity | E| with respect to the amplitude of the incoming electric field
| Eo| with a value of 1. It can be seen that the SERS arises mainly at the gap between the Au-flaps, as could be
expected based on the surface plasmon coupling effect between Au-flaps [1].

Table 1. Dimensions and characteristics of SERS substrates studied in this work.

Samolel.D Gap(G) Etched silicon Au flap width Measured
e (nm] depth (SiD) [nm] [nm] AEF
sym 6+2 40+3 677 1.8 x 10°
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Figure 2. (a) Cross-sectional HR-SEM images of the symmetric and Au-nanostructures. (b) FDTD simulated distribution of
the local field intensity enhancement factor at a wavelength of 633 nm for symmetric and Au-nanostructures.

CONCLUSIONS

The ordered Au nanostructures surrounding the tip of nano-wedges are highly tuneable by varying the thickness of
the sputtered Au layer. FDTD simulations, validated by experimental results, in the case of symmetric Au nanogaps,
the SERS effects arise mainly at the gap between the Au-flaps.
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Waveguide losses are a crucial factor for high performance integrated photonic devices.
However, a rigorous description of the surface roughness remains lacking, even though this
critically affects the induced scattering losses. We propose Gaussian processes as a suitable
framework and compare various kernels for the regression of the measured sidewall
roughness of a state-of-the-art PECVD silicon nitride process.
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INTRODUCTION

Integrated photonics is a flourishing field of research with applications in telecom and sensing. Raman spectroscopy,
optical coherence tomography and biosensors are just examples of its vast potential. The waveguide losses pose
fundamental limitations on the performance. In previous studies, it has been found that the main contribution to
the propagation losses is sidewall roughness induced scattering.[1] We investigate a plasma enhanced chemical
vapor deposition (PECVD) silicon nitride technology highly beneficial for sensing, since silicon nitride exhibits a high
transparency for wavelength in the visible and the near-infrared (NIR) region in comparison to the established
silicon-on-insulator (SOI) technology. Since PECVD thin films are usually deposited at working temperatures
between 200 °C and 500 °C, the process is CMOS compatible.[2] An example of such a sensing architecture in side
view is depicted in Fig. 1 b).

In the fabrication of the waveguides on wafer-level, several process steps can have a huge impact on the line edge-
and the sidewall roughness. During the lithography step, the photoresist type and thickness, the bake temperature,
and the Oz plasma descum can affect the sidewall roughness.[3],[4] During plasma etching, roughness is introduced
by ion bombardment resulting in typical striations as shown in Fig. 1 a). It can be minimized e.g. by the type and
ratio of used gases. For silicon nitride, mainly CF-based gases (CFsand CHF3) are used with admixed Oz that balances
the residual fluoride polymer on the surface. A low-polymer etch recipe with nitrogen and an increased oxygen
concentration (CHF3/02/N.) is used to enhance the removal of polymers from the sidewalls.[5]

The conceptual model for surface roughness has not been explored rigorously, although this critically affects the
caused scattering via the Wiener-Khinchin-Theorem.[6] Hence, we propose Gaussian process regression (GPR) as a
suitable framework. The theoretical link between surface roughness as a Gaussian process and scattering losses will
be explored in a future publication, currently in preparation. A zero-mean Gaussian process is fully described by its
auto-covariance function, the kernel.[7] It quantifies how similar neighboring points of the processes are in average.
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Fig. 1. a) Sidewall roughness of an arbitary waveguide in x- and z-direction. b) Side view of silicon nitride Silicon nitride sensing
platform with incoupling and outcoupling approach. [8112], edited
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The auto-covariance was investigated before, but not tied to a Gaussian process.[1],[9] For this purpose, an
exponential kernel was used, that is,
_lzl

k(z) = o?%e™ 1 (1)
where z is the distance between the points on the surface of the waveguide, o is the RMS roughness and [ is the
correlation length. In the context of Gaussian processes, ¢ and [ are hyperparameters. The exponential kernel is
the only one with Markov properties and its sample functions are non-continuously differentiable. Hence, it is
doubtful if the exponential kernel is the right choice to model a physical process. Smoother processes can e.g. be
found in the Matérn class with the kernel [7]

0 = (), (252)

where T is the gamma function, K,, is a modified Bessel function and v determines the differentiability, that is, the
process is v — 1 times continuously differentiable. To be precise, the exponential kernel is also of the Matérn class
with v = 1/2. Other popular choices are v = 3/2 and v = 5/2. Another possible kernel frequently utilized in
machine learning is the Gaussian or squared-exponential (SE) kernel (corresponding to v — ), which is infinitely
often continuously differentiable, contrary to the exponential kernel.

RESULTS

For the experimental determination of the sidewall roughness, a stack of silicon dioxide and silicon nitride was
deposited. After a photolithography and etch step, the wafer with the structured silicon nitride atop was dissected.
The surface roughness of the sidewall was measured with an atomic force microscope (AFM) in tilt operation. A
processed AFM height image of the sidewall roughness can be seen in Fig. 2. The method, is currently scientifically
investigated by our team and planned to be published later this year. In this work, we are primarily interested in
the features of the surface roughness along the waveguide axis (z).

Comparing different kernels is known as model selection in machine learning. It encompasses both the choice of
kernel and the values of its hyperparameters 6. The regression objective in this work is to estimate the posterior
distribution over 8 given the data D: p(6|D). However, this problem is analytically intractable. Instead, we choose
a batched approach and divide the 2D surface data of the roughness of Fig. 2 into 12 surface areas along the
waveguide height, corresponding to areas with a height of approx. 35 nm. The GPR is performed on each and the
maximum likelihood (ML) parameters argmax p(D|6) are evaluated.

6

The mean and standard deviation of the hyperparameters can then be trivially evaluated over the ensemble of
batches. This assumes a multivariate normal distribution for p(6|D) and ignores the off-diagonal elements of its
covariance matrix. Further, correlations between batches are also neglected. To analyse the surface data of Fig. 2,
we formulate 2D, multivariate versions of the kernels. This follows the generalization to multi-dimension regression
described by Rasmussen et al. [7] and leads to anisotropic kernels, which feature dedicated correlation lengths for
each dimension. Hence, we have the set of hyperparameters 8 = {A,0,l,,1,} with an estimation for the
uncorrelated measurement noise A, the RMS roughness ¢ and the length scales [, and [,. Due to the distortion of
the data along the height x, we ignore [,.. Each kernel under consideration has the set of hyperparameters 8 in the
same form as defined above.

In this fashion, we applied the freely available Python GPR library “George” and arrive at the resulting maximum
likelihood hyperparameters and marginal likelihoods for the kernels listed in Table 1. The median logarithmic
marginal likelihood is the decisive measure for the descriptive precision of the kernel for the surface roughness
data. We notice, that indeed the prevalent exponential and SE auto-covariances are inferior to the Matérn forms.
Whether the 3/2 or 5/2 version is better suited, cannot be assessed in this work, as that would require a more
detailed analysis with bigger dataset. Beyond the above mentioned influence on the scattered loss, we also see that
the chosen form of the kernel leads to significant differences in the correlation length, which for the exponential
kernel is 220(150) nm and for the Matérn 3/2 kernel is 36(16) nm.

0.0 ym 0.5 1.0 1.5 20

Fig. 2. Height image of a 2.5 um x 0.2 um cut-out of the sidewall.
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Table 1: Statistically analysed maximum likelihood hyperparameters and maximum likelihood of 2D Gaussian process
kernels for the description of the sidewall roughness of PECVD silicon nitride waveguides for integrated photonics. The
statistics was arrived at by dividing the waveguide into 12 height batches. The brackets denote the standard deviations.

0.03(10) 3.5(8) 220(150) -602

0.52(10) 3.3(6) 36(16) 581
0.57(6) 2.9(5) 24(11) 582
0.61(7) 2.5(4) 16(8) -596

DISCUSSION

For a holistic analysis of the posterior distribution of the hyperparameters p(8|D), there exist more sophisticated
methods, which do not assume it as Gaussian and instead employ the Monte Carlo algorithm and its variations to
sample from this distribution.[11] By knowing the posterior distribution in detail, the error bounds of the
hyperparameters can be estimated with higher confidence. Moreover, it is easier computationally tractable for
larger datasets. When the present analysis routine was applied to the complete dataset, i.e. the whole measured
sidewall area, this issue was already encountered and the computation was not feasible on a common computer
anymore. With our simplified method, it is likely that the error bounds of the hyperparameters are underestimated.
That is partly due to the neglected covariances between batches, the assumption of a Gaussian p(68|D), and the
hyperparameter prior p(8), which wasn’t considered yet and corresponds to assuming it as constant. Moreover,
statistical analysis of the batches is possibly enhanced by using the achieved likelihood as corresponding weights.

The above evaluation approach also estimates RMS roughness along x, which is distorted due to the AFM
measurement and not yet properly corrected. That further implies, that the RMS roughness parameter gets skewed
too. However, 1D regressions at multiple waveguide heights, which leads to cross sectional profiles, were conducted
and showed the Matérn kernel to be preferable as well.

Another observation is that our investigated surface roughness does not show the distinct striations which typically
are assumed.[1] This complicates the theoretical description, since for a given sidewall the perturbation due to the
roughness is then not constant anymore along the waveguide height. Therefore, it must be treated with a
dependence on z and x.

Finally, we want to highlight the two important conclusions that a different auto-covariance function entails, which
seems indicated by the higher marginal likelihood of the Matérn kernels. First, according to the Wiener-Khinchin-
theorem, the spectrum of the kernel is altered and subsequently also the scattered light, leading to lower or higher
losses. Secondly, the maximum likelihood hyperparameters can also change, with evidently high magnitude.
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We simulate an AlIGaN/GaN waveguide structure that allows for efficient edge coupling of
1300 nm-emitting lasers. An optimum coupling loss of 0.6 dB is simulated for a quantum dot
laser, and 1 dB for a quantum well laser. By using a double-etched mode converter with > 98
% conversion efficiency, waveguide bend losses < 0.04 dB can be achieved for 90° waveguide
bend radii > 70 um for both polarizations.

Keywords: Gallium nitride waveguides, photonic integration, micro-transfer printing

INTRODUCTION

Gallium nitride (GaN) is an interesting alternative waveguide material to Si and SiN for integrated photonics. It has
a broad transmission window combined with useful linear and nonlinear optical properties [1,2], with high speed
optical modulation demonstrated [3]. In order to exploit the full potential, the active device needs to be integrated
which we proposed to do via micro-transfer printing (UTP) and end-fire coupling.

In this paper, we design a waveguiding platform based on a GaN core layer surrounded by AlGaN cladding layers on
a sapphire substrate [4]. The coupling efficiency between the transferred lasers and the waveguide facet is
optimised through matching modes while also calculating the misalignment tolerance that can occurs as a result of
UTP. We design a double-etched taper structure to transition from a shallow etched ridge waveguide, optimised to
couple to the laser mode, to a partially etched waveguide designed for efficient light routing.

EDGE COUPLING

The waveguide structure was chosen in order to best match the lasing mode size in the lateral and transverse
directions, Fig. 1(a). As GaN is a positive uniaxial material, there is a significant difference in the effective indices for
both polarizations, with the TM modes generally being higher in effective index than the TE modes. The birefringent
GaN and AlGaN refractive indices were extrapolated to 1300 nm using the Sellmeir formula [5]. The small index
difference between AlxGaixN cladding layers and a GaN core allows a large mode size to be achieved. The ridge
height and width are carefully selected to obtain single mode operation, with the total height of the AlGaN upper
cladding layer fixed at 0.5 um. Fig. 1 (b) and (c) shows the regions where the structure is single-mode for the TE and
TM polarization.

Ridge width = 4 um 2252 22850
. 22825
. 2250
Ridge height = 0.3 um E 3 22800
AlGay,N g 228 ., 3 -
Tox~3% t 02 - g =z 22175 3
.2 um £ a @
1 ! g e g2 22150 2
2 3 . H
i ca -3 224 o 3 22725 5
- -3 ° e
Al,Ga,,N (x~3%) + 03um o 222 9 -3 23700 =
AIN buffer layer i
2240 22675
Sapphire substrate 2238 22650
(a) (b) (c)

Ridge width (um) Ridge width (um)

Fig. 1. (a) AlGaN/GaN waveguide structure, (b) single-mode and multi-mode regions of the waveguide as a function of ridge
height and ridge width for TE polarization and (c) TM polarization. The colour in Fig 3 (b) and (c) graphs represent the varying
effective indices for both polarizations.

For efficient edge-coupling, the lasing mode needs to be aligned carefully with the waveguide mode in both
transverse, lateral and logitudinal directions. We examine the edge-coupling efficiency of (i) a TE-polarized quantum
dot (QD) laser, and (ii) a TM-polarized quantum well (QW) laser in both the transverse and lateral directions,
assuming no gap and reflections between the laser facet and waveguide facet in the longitudinal direction. The
waveguide ridge width is fixed at 4 um, while both laser ridge widths are varied between 2- 5 um. Beyond 5 um,
the laser structures became multi-modal. In Fig. 2 we can see that for a ridge width of 5 um for both lasing
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structures, an optimum coupling loss of 1 dB for the QW laser and 0.6 dB for the QD laser can be obtained. The
alignment tolerance in the lateral direction is more relaxed than in the transverse direction for both structures. The
difference between coupling loss can be attributed to larger mode size mismatch in the transverse direction, which
is more significant for the QW laser as can be seen from the asymmetry in the graphs.

7 T 35
6 1 30
- 57 25 = Lateral
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24 7 20
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[=J
gs £ 151 — 3um ridge
3 ] = 4 um ridge
v 2 “10 S um ridge
14 — 05
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Position (um) Position (um)

Fig. 2. Coupling loss in both the lateral (solid lines) and transverse (dashed lines) directions for (a) a QD laser structure, and (b) a
QW laser structure, for lasing ridge widths between 2-5 um. Overall the QD laser is better at coupling in both directions than
the QW structure.

MODE CONVERSION

While advantageous for edge coupling, a wide waveguide for an integrated photonic circuit requires bends with
large radii for low excess loss. Therefore, an inverse taper design is needed to convert the waveguide to a structure
better suited for bends. Such a low-loss converter between waveguide sections of different sizes has been
demonstrated before on the silicon-on-insulator (SOI) platform by using a double etch [6]. A similar structure on
the GaN platform is shown in Fig. 3(a), with a top-down view provided in Fig. 3 (b).

| 03um
|

0.8 um

(c) Section 1

s —— TE polarization
/ TM polarization
M0 ® @ & 1m0 m5 B s a0
e
(d) (e) ) Tper length (um)

Fig.3. (a) Schematic of the double etched mode converter design, (b) top-down view of the structure with highlighted regions,
(c) cross section of Section 1 where both tapers start, (d) Section 2 where the shallow-etched AlGaN taper ends, and (e) Section
3 where the structure continues on, and (f) transmission through the structure as a function of taper length for both TE and TM

polarizations.

The structure is sectioned into 3 parts in order to explain the structure dimensions. The structure was simulated
with a deep etch of 0.8 um into the 1 um thick GaN core. The starting width of the etched section of the GaN core
was set to be 10 um, while the shallow etched AlGaN ridge waveguide was 4 um as seen in Fig 3 (c). The taper tip
width of both tapers was fixed to 1 um as seen in Fig 3 (d), with both the AlGaN and GaN tapers set to be the same
taper length. In Fig. 3 (e), the AlGaN taper terminates, and the structure successfully converts to dimensions suitable
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for bends. It can be seen that a taper length > 50 um results in a transmission > 98 % for both polarizations. The
short taper lengths needed to achieve successful mode conversion, compared to the long taper lengths needed in
previous demonstrations [6], is as a result of the width dimensions being on the same scale.

The TEo and TMo mode profiles of the deeply etched GaN waveguide structure from Fig. 3 (e) is shown in Fig 4 (a)
and (b). The etch depth into the GaN was selected to minimize the radiation losses as the mode propagates around
the bend. It can be seen that before the bend commences, the TEo mode is less confined than the TMo mode.
Increasing the ridge width improves the confinement, but higher order modes are supported as a result. The loss
was calculated for a 90° waveguide bend for varying bend radii with both polarizations. In Fig. 4(c), it can be seen
that bend losses < 0.02 dB can be achieved for the TM polarization at a bend radius > 70 um, while for the TE
polarization bend losses < 0.04 dB is obtained at a bend radius > 100 um. At a bending radius of 200 um, the bending
losses are < 0.01 dB for both polarizations.
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Fig.4. (a) Ex component of the TE; mode and (b) E, component of the TMymode after tapering, and (c) total bend loss for a 90°
bend with varying bend radii.
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CONCLUSION

The results in this paper demonstrate that by carefully designing the waveguide structure to minimize coupling loss
and bend loss, GaN shows promise as a suitable platform for integrated photonics. Future work includes fabricating
and characterizing the waveguides, transfer printing the laser devices to the waveguide platform, and further
investigating the platform for electro-optic applications.
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We present an array of GaAs QD IlI-V-on-Si DFB lasers integrated by micro-transfer printing.
An alignment tolerant 11I-V/Si taper structure is used to evanescently couple light from the
laser cavity to the underlying 400 nm thick rib waveguide. Single mode operation around 1300
nm with 48 dB side mode suppression ratio and a waveguide-coupled power of 0.5 mW is
demonstrated.

Keywords: Silicon Photonics, Distributed Feedback Laser, Micro-Transfer Printing,
Heterogeneous Integration

INTRODUCTION

Driven by the ever-increasing data traffic, giant data centers have been built in the past few years. In order to
connect the servers in these data centers, significant volumes of optical transceivers with high reliability, low-power
consumption and low-cost are heavily demanded. Silicon photonics (SiPh) is the most promising contender to meet
this demand due to its high-index contrast and CMOS compatibility, which allows for the realization of compact
photonic integrated circuits (PICs) on 200 mm or 300 mm wafers in a high-volume and at low cost. Yet, the absence
of integrated laser sources is a significant obstacle in reducing the cost. Different approaches have been explored
to cope with this challenge by combining the advantages of IlI-V materials and SiPh. Amongst these approaches,
die/wafer-to-wafer bonding has been developed as a commercial solution [1], however it requires the development
of dedicated IlI-V processes in a CMOS fab. Hetero-epitaxial growth is acknowledged as an ultimate solution and
experienced significant progress in recent years, but advances in material quality are still needed and similarly IlI-V
processing in a CMOS fab needs to be developed[2]. An alternative is the use of micro transfer printing, which
decoupled the processing of the IlI-V semiconductors and that of the silicon photonics and allows for the integration
of device coupons released from the native substrate onto a target substrate in a massively parallel way. Quantum
dot lasers (QD lasers) have attracted intense interest in recent years due to their superior characteristics, such as
low linewidth enhancement factor, temperature stability, high flexibility in gain bandwidth and emission
wavelength engineering etc. [3]. In this work, we developed a process flow for the integration of GaAs QD laser
devices on a SiPh platform using micro-transfer printing. Following this process flow we demonstrate an array of
evanescently coupled O-band GaAs QD on Si DFB lasers.

DESIGN and FABRICATION
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Fig. 1.(a) Schematic of the GaAs QD-on-Si DFB laser, (b) Schematic of the alignment-tolerant I1I-V/Si taper structure, (c)Simulated
coupling efficiency as a function of lateral misalignment.

The Si waveguide circuits used in this work were fabricated at imec, by 193nm Deep-UV lithography and a 180 nm
single-step etch into a 400nm thick Si device layer. Fig. 1(a) shows the schematic of the GaAs QD/Si DFB laser cavity,
which has a hybrid waveguide structure where a lll-V waveguide is overlaid on a uniform second-order Bragg grating
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with a thin layer of DVS-BCB in between. The Bragg grating is patterned on a 9 um wide rib waveguide and the
length, period and duty cycle of it are 700 um, 390 nm and 75%, respectively. The overall length of the GaAs QD
structure is 1660 um long, which consists of a straight IlI-V rib waveguide with a 2 um wide p-mesa and a 6 um wide
QD active region, and a pair of two-level 111-V/Si taper structures at each side to couple the optical power to the
underlying Si waveguides, as shown in Figure 1(b). This taper structure shows excellent lateral alignment tolerance
as shown in Fig.1(c), for the case of a 30 nm thick DVS-BCB bonding layer, which is able to accommodate the
alignment accuracy that a state-of-the-art micro-transfer printing tool can obtain (<1 um @ 30). As a trade-off, its
overall length is 310 um.
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Fig. 2. Process flow for the definition of the GaAs QD SOA structures on the native GaAs substrate. (a-b) Rib waveguide
definition,(c) n-contact metal deposition, (d) BCB planarization and p-contact metal deposition,(e) coupon mesa definition,(f)
photoresist encapsulation and tether definition, (g) release etch, (h-i) Micro-transfer printing of GaAs QD device coupons, (j) final
metallization.

The GaAs QD epitaxial structure used in this work was grown by Innolume. It consists of 11 QD layers interleaved
with GaAs spacer layers, a 200 nm thick p-GaAs contact layer, a 670 nm thick p- Alo.sGao.2As cladding and, a 250 nm
thick n-GaAs contact layer and a 1 um thick Alo.osGao.osAs release layer. The dimensions of the GaAs device coupons
are 40 um by 1700 um. The process flow of the fabrication and release of the GaAs QD device coupons and their
micro-transfer printing on the target SiPh substrate is described in Fig. 2. The p-cladding mesa is defined by electron
beam lithography with a hydrogen silsesquioxane (HSQ) resist and ICP dry etching (Fig.2(a)), followed by the other
ICP dry etching with a SiN hard mask to pattern the QD active layers(Fig.2(b)). Then the n-contact metal stack layer
is deposited (Fig.2(c)). After planarising the IlI-V waveguide structures using a thick BCB layer and p-contact metal
deposition(Fig.2(d)), the coupon is defined by an combination of RIE etch and ICP etch into the GaAs substrate
(Fig.2(e)). The coupon is then encapsulated with a thick photoresist layer(Fig.2(f)) and ready for release etching. A
room temperature 1:1 37% HCI:DI solution is used to selectively etch the release layer(Fig.2(g)). On the SiPh
substrate a thin BCB layer is spin-coated and is then baked at 150 °C for 15 minutes. Next, a PDMS stamp with a
post size similar to that of the device is used in the micro-transfer printing process to pick-up the device up from
the donor llI-V substrate and to transfer print it onto the SiPh substrate (Fig.2(h,i)). Finally, a few simple steps of
photoresist encapsulation layer removal, BCB curing and metal deposition are performed to allow electrical contact
of the device (Fig.2(j)).

Fig. 3. (a) Microscope image of the released GaAs device coupons,(b) Bottom surface of the released coupons.

Fig. 3(a) shows a microscope image of the GaAs device coupon arrays after release etching, where a dummy coupon
without tether structures was detached from the substrate, indicating the completion of the undercut of the
coupons. Before the micro-transfer printing process, an array of coupons was picked up manually using a piece of
scotch tape. It reveals a flat and smooth bottom surface as shown in Fig3(b), which ensures a high yield micro-
transfer printing. An X-Celeprint uTP-100 lab-scale tool was used for the transfer printing process. 5 out 6 coupons
were successfully printed on a SiPh substrate and the only failure was caused by a local particle contamination. Fig.
4(a) shows the transfer-printed GaAs QD devices after removing the photoresist encapsulation using an RIE oxygen
plasma. Fig.4(b) shows the fabricated DFB lasers with metal contact pads and Fig. 4(c) shows the cross-section of
the 1I-V/Si hybrid waveguide structure with a 2 um wide p-AlGaAs mesa, a 6 um wide QDs waveguide and a 9 um
wide underlying Si rib waveguide. The thickness of the resulting BCB bonding layer is less than 20 nm and the
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alignment accuracy for each coupon is <1 um. Unfortunately, the p-AlGaAs was attacked in in the taper section
during a wet etching step (Fig.4(d)), which introduces optical loss in the structure.
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Fig. 4. Microscope image of (a) a Si PIC with micro-transfer-printed GaAs device coupons and (b) the resulting DFB lasers; (c)
Focused lon Beam cross section of the hybrid waveguide,(d) Focused lon Beam cross section at the taper section, showing a
perfect alignment but a damage in the p-AlGaAs cladding layer.

CHARACTERIZATION

The characterization of the fabricated devices was carried out on a temperature-controlled stage at 20 °C. A Keithley
current source with a pair of DC probes was used to apply the bias current onto the devices. A standard single mode
fiber was used to collect the output power from a grating coupler. It is then connected to a fiber splitter with one
channel feeding into a power meter and the other connected to an optical spectral analyzer. Fig. 5(a) shows the
measured |-V response and the calculated differential resistance, which reduces with the increase of bias current
and reaches 5 Q at 140 mA. As shown in Fig.5(b), the maximum single-side waveguide-coupled output power is
above 0.5 mW, which is obtained by calibrating out the loss of the fiber grating coupler and fiber links. The threshold
current is below 40 mA. The relatively low power is caused by the imperfect IlI-V taper structure, where the p-
AlGaAs was attacked in the fabrication, as shown in Fig.4(d). Single mode operation at 1300 nm with a maximum
side mode suppression ratio (SMSR) of 48 dB was demonstrated, as the superposed spectra show in Fig.5(c).
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Fig. 5. Performance of a representative GaAs QD on Si DFB laser at 20 °C. (a) V-1 curve and differential resistance, (b) P-I curve (c)
Superposition of the output spectra with the increase of the applied bias current.

CONCLUSION

We developed the process flow for the fabrication and release of GaAs QD device coupons on a GaAs source wafer.
These device coupons were successfully transfer-printed on a SiPh substrate. The demonstrated DFB lasers show
single mode operation at 1300 nm with 48 dB side mode suppression ratio. Although the output power of the
fabricated device is not ideal, this demonstration verified the feasibility of the integration of GaAs QD lasers on a
SiPh platform using micro-transfer printing.

Acknowledgements: This work was supported by the European Union’s Horizon 2020 research and innovation
programs under agreement 825453 (CALADAN).
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In this paper, a method of using an iron doped InP layer to achieve a micro transfer printing
(MTP) compatible high-speed electro-absorption modulator (EAM) is proposed. An equivalent
circuit model analysis of the transfer printed EAM is presented with a simulated speed up to
45.6GHz. In addition, discussion on the fabrication process for such high speed MTP EAM is
provided. Finally, test results on the adopted iron doped InP material is presented to
demonstrate latest progress which paves way to realize high-speed photonics integration via
micro transfer printing.

Keywords: Electro-absorption Modulator, Micro-transfer printing, Iron doping InP, Silicon
Photonics; Photonics integration;

INTRODUCTION

The increasing need for next generation communication technology has put forth a rapid development trajectory
for silicon photonics and photonic integration technology. Statistic suggests the amount of data that was created,
consumed, and stored within global network would have increased by nearly 50 times from 2010 — 2022 [1].
Behind this tremendous phenomenon a key point to notice is the ever increasing capability for photonic integrated
circuits (PICs) to process data with higher and higher speeds. Industry reports from Yole forecast the market of
silicon photonics from 2019 — 2025 growing at 40% every year on average [2]. Besides, recent developments on
promising large scale heterogeneous integration technology such as micro-transfer printing (MTP) has emerged to
the surface, enabling silicon photonics and matured IlI-V compound semiconductor material and its technology
platform, such as InP, InGaAs, InGaAlAs etc, to achieve more cost-effective and high performance PICs to be made.

Compared to mature photonic integration technology such as flip chip bonding or die to wafer bonding, MTP
stands out with advantages in high integration density, high efficiency of material use, high throughput and low
cost [3]. Using transfer printing, noteworthy results have been reported to achieve different components such as
lasers, photodetectors and amplifiers to be integrated with silicon photonic circuits [4-6]. Beyond the current scope
of presented research, an electro-absorption modulator (EAM) based on the Quantum Confined Stark Effect (QCSE)
with optimized ultra-low capacitance is ideal for demonstrating the potential in high speed applications using MTP
as a large scale photonic integration solution [7]. A QCSE based EAM has high extinction ratio and low driving
voltage and could be integrated to make complex PICs like external-modulated lasers. Due to the nature of
incompatibility between transfer printing and standard high speed device processing steps, adopting an iron doping
layer in the standard high speed EAM is proposed as a solution to overcome integration challenges. Details on the
device design, fabrication process will be discussed in the following sections, with a focus to examine the high
speed performance comparisons through equivalent circuit simulations.

Device Design and Fabrication

The high speed EAM utilizes a customized in-house InP based epitaxy with 12 quantum wells of each 9nm width.
The designed working wavelength is 1310nm for monolithic integration purposes and the speed performance is
optimized by a high speed contact pad scheme which helps minimize parasitic capacitance. As Figure 1 shows
below, the non-MTP EAM is fabricated on a semi insulating substrate to minimize device parasitic capacitance. A
bridge section is created to connect the EAM ridge section with the RF signal pad. The pad is electrically isolated
from the waveguide sections. The configuration of this EAM design with GSG contact pads for RF signals has been
tested experimentally, given a parasitic capacitance as low as 15fF and yielding a working bandwidth predicted to

be 47GHz in a 50Q system.
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Fig. 1. (a) SEM of a fabricated high speed EAM Structure and (b) schematic of a cross-section from the structure

To allow successful MTP photonic integration using the high speed EAM, the device fabrication needs to
incorporate necessary changes for making transfer printing compatible without sacrificing the device performance.
In a current state-of-the-art MTP device integration process as indicated in Fig 2(a), the Ill-V source wafer and
silicon photonics target wafer are processed separately before the transfer [5]. Device coupons on a source wafer
are released beforehand and can be individually inspected and tested prior to the integration. On an InP based
source wafer, the releasing of coupons involves a chemical selective undercut processing of usually an InGaAs layer
using FeCI3:H20 (1:2) solution [8]. Once the release is completed, the coupons are ready to be transfer-printed.
The entire transfer print cycle is summarized as steps shown in Fig 2(b) below [4].

simultaneous transfer (b)
(a) of multiple coupons Tethers
using elastomer stamp ; l
[I-V Device Layer ] [ Patterned device | “Patterned device
source IIl-V wafer target SiPh wafer Release layer __ [Patterned release layer Patterned release layer
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1lI-V devices /
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@}ﬁﬁ = (—)
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Fig. 2.(a) Schematic of a MTP integration process between llI-V source and SiPh target and (b) schematic of MTP process steps

In order to make sure the speed from a heterogeneous integrated high speed EAM via MTP works on par with a
monolithically optimized and fabricated device, the parasitic capacitance of the transfer printed EAM also has to be
minimized, namely keeping the overall influence of the potential extra parasitic capacitance generated from MTP
processing as small as possible. In the next section, different sources of parasitic capacitance are identified in the
equivalent circuit model of the high speed EAM, and the solution of using an iron doped layer to minimize the MTP
influence will be explained and presented via simulation and details based on experimental results.

Equivalent Circuit Model Analysis

L1
RO = R1 = R2 R3
1 C3 R4
co—__ c1__ c2 —__ =
Pad Bridge MTP ExtrI EAM

Fig. 3. Equivalent circuit of a high speed EAM device with MTP processing

The equivalent circuit model in Fig 3 is extracted based on the structure of the EAM as indicated by Fig 1. In the
high speed EAM structure there are three sections which will impact the speed of the final device, namely, the big
contact pad, the metal bridge connecting ridge and signal pad, and finally the EAM section itself. Based on
optimized designs, each section has its minimized RC value in a lumped element configuration of the EAM, and they
will determine the overall impedance of the EAM when a RF signal is fed through the GSG contacts. Previous works
have been dedicated to minimizing the overall impedance of the device, and based on experimental data, the RC
value of each section is for instance as indicated in Table 1 below.
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Pad Bridge MTP Extra EAM Simulation Default

RO co R1 c1 R2 cz2 R3 C3 R4 LO

;'gp'[;’g 670 15fF 560 | 9.3fF | 150 | 90fF | 107Q | 14.6fF | 5.7Q | 300fH
“"éic‘)’;iir:g” 670 | 15fF | s6Q | 9.3fF | sooo | 90fF | 107Q | 14.6fF | 570 | 300fH

Table.1. Parameters in an equivalent circuit model with and without the iron doping layer

With MTP fabrication the coupon is undercut away from its intrinsic semi-insulating substrate. As a result the
bonding pad can no longer be isolated from the EAM using a deep etch. Instead, the current could go through the
thin n-doped layer in the epitaxy connecting the signal pad to the EAM, thus increasing the effect of the parasitic
capacitance and limiting the bandwidth of the device. The iron doping layer is added to maintain a high resistivity
which will help to minimize the effect of MTP added impedance to the overall device. Based on calculations, the
MTP added capacitance from the signal pad is about 90fF. In the case without using an iron doped layer in the MTP
EAM, as shown in Table 1 and Figure 3, the MTP added resistance R2 is 150Q), consisted of 100Q from the signal
pad and 50Q from coupling through the thin n-doped layer. When an iron doping layer is present, because the
resistivity of the tested iron doping InP material is over 10® Qcm, which is on average 100 times larger than the
resistivity of n-doped InP, R2 will be boosted to be over 5kQ. Using a proprietary software from our group for high-
speed performance simulations, a comparison of the simulated S21 performance for transfer printed MTP with and
without the iron doped layer is presented in Figure 4 below. It is evident that, without iron doping, the bandwidth
of the device drops to 21.6GHz, and with an iron doped layer present, the bandwidth of the device is maintained at
45.6GHz, showing only about 1.5GHz bandwidth lost by using transfer printing.

logMag (dB)

— -3db at 21.6GHz without -
4 using iron doping

1 1 1 1 |
20 40 60

Frequency (GHz)

Fig. 4. Simulated S21 for MTP EAM with and without iron doping layer
Conclusion

In this paper, using an iron doped layer for transfer printed high speed EAMs is presented as a promising solution to
mitigate the performance loss due to MTP processing. Simulated S21 results indicates that by adding iron doping
the speed of the device could be maintained at a level over 45GHz, showcasing possibilities to achieve high speed
applications for future PICs using transfer printing for photonic integration.
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We report on the monolithic integration of a photonic integrated circuit with silicon
photodetectors embedded in the substrate. We characterized photodiodes as linear detectors
in inverse bias regime and investigated the implementation of avalanche photodiodes as
room-temperature single-photon detectors around 850nm of wavelength using the same
technology.
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INTRODUCTION

Quantum-Photonic Integrated Circuits (Q-PICs) exploit the exceptionally low sensitivity of photons to external
disturbances to realize robust quantum systems. While this resilience is particularly interesting in the perspective
of room-temperature quantum systems, the main methods of detection remain either bulk off-chip photon
counters or integrated cryogenic detectors, such as superconducting nanowires and edge detectors, which bind
Q-PICs experiments to a cryostat.

Single Photon Avalanche Diodes (SPADs) could offer a valid integrated, room-temperature alternative for single
photon detection in the near infrared region, which can be homogeneously integrated with the QPIC inside the
substrate.

RESULTS

We show novel methods of PIC-detector coupling that allows for the monolithic fabrication of substrate-
integrated photodiodes and a silicon nitride PIC on the same chip. With the use of an engineered wet-etching
process [1], we can shape either the waveguide or the cladding below the waveguide in the vertical dimension to
realize off-plane coupling.

In the first case, sketched in Fig. 1a, we shape the waveguide itself, realizing a vertical tapering down to a weakly
guiding structure that leaks the light into the detector, realized in the silicon substrate as a p-n junction. The
figure shows a FEM simulation of the electrical field of a Silicon Nitride waveguide that is tapered down from its
single mode condition to a strongly substrate-coupled thin waveguide. Fig 1b shows an optical image of the
structure during measurements. In the figure, light at 850nm of wavelength is injected from the left. The single-
mode waveguide is well visible due to its consistent surface scattering, that makes the waveguide appear as bright
in the image. At the centre of the image, the inverse tapering occurs, and the light leaks rapidly into the detector.

The second method instead consists into shaping the bottom cladding of the photonic layer into a basin with
shallow wedge borders on top of the region of the detectors. A FEM simulation of the coupling region is shown in
Fig.1c, where a silicon oxynitride single-mode waveguide follows the wedge formation of the bottom cladding. In
this way, the waveguide itself is gently laid right on top of the detector, allowing for a strong waveguide-detector
optical coupling. Fig. 1d shows an optical image of the structure, where the shallow wedge borders are
emphasized by the formation of characteristic newton rings. Fig. 1e shows a bird-view image of the fabricated
chip during characterization. On the left the input waveguide is visible. Ligh propagates inside the waveguide and
reaches the coupling region, where the optical power is transduced into a photocurrent, which is measured at -1V
bias. The characterization of these last devices, summarized in Fig. 1f, demonstrate a PIC-diode coupling with a
total efficiency exceeding 40% [2].
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Analogous devices were realized with p-n junction to be used in avalanche mode, as SPADs. Next, will be the first
promising results concerning the coupling with SPADs paving the way for on-chip, room-temperature, single
photon detection.
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Fig. 1. (a) FEM simulation of the optical field around the vertically inverse tapered waveguide
(b) Optical micrograph of the fabricated device during characterization, with light injected from the left.
(c) FEM simulation of the optical field in the waveguide near the wedge-cladding coupling region
(d) Optical micrograph of the fabricated device in the region of the waveguide-detector coupling.

(e) Bird-view image of the device during characterization. On the left is visible the input fiber, where light is injected into the
waveguide. Light travels into the waveguide to the detector region, where it is coupled to the photodiode.

(f) Experimental characterization of the detector responsivity, which is above 44%.
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We present a photonic flip-chip assembly for a 4 mm x 4.6 mm InP die with 58 electrical
connections on a 16 mm x 8 mm TriPleX die by using laser soldering. Two laser soldering
schemes are investigated and show reliable contacts with a 6 N shear force: (1) using a laser
wavelength where silicon is highly transmissive (through-silicon laser soldering) and (2) using
a laser wavelength where silicon is not transmissive (heat-conduction laser soldering).
Keywords: Photonic assembly and packaging, Flip-chip bonding, laser soldering.

INTRODUCTION

Assembly and packaging for photonic integrated circuits (PICs) have been attracting considerable research interests
over the years, in particular towards a combination of lll-V and Si-based PICs [1]. However, many challenges remain,
such as cost-efficient and high-density interconnects. In addition, current packaging for IlI-V on Si devices is often
limited to small component levels, such as semiconductor optical amplifiers or laser diodes. Flip-chip bonding is a
well-established technology in the integrated circuits (IC) industry [2] and is favorable for the assembly of die-level
PICs with high-density interconnects. Unlike electronic ICs, PICs require more accurate positioning and precise
power dissipation. When flip-chip bonding different materials, for example, InP on Si, the difference in thermal
expansion results in significant stress when cooling down after soldering, especially for larger dies. Laser soldering
is suited for flip-chip bonding of complex PICs assemblies because of non-tactile heating, highly localized thermal
energy, good accessibility, and short soldering times allowing a high-throughput process [3].

In this work, we propose a photonic flip-chip assembly concept for an InP (Indium Phosphide) PIC on a TriPleX
(silicon oxide-nitride)[4] carrier using passive alignment and laser soldering in an automated fashion. A self-aligned
structure is utilized for multiport optical inputs and outputs [5, 6]. Two laser soldering schemes are investigated for
flip-chip bonding: through-silicon laser soldering and heat conduction laser soldering. Eutectic gold-tin (AuSn with
80/20 wt-%) solder pads were used which is the state-of-the-art solder metal composition. They are widely used
for fluxless flip-chip assembly in optoelectronics packaging [7]. We experimentally demonstrate a 4 mm x 4.6 mm
InP die with 58 electrical pads assembled onto a 16 mm x 8 mm TriPleX die based on this concept. Results are
promising and provide a high-density, reliable interconnect assembly of InP on TriPleX.

(a) (c)
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Fig. 1. Concept: (a) Schematic of a flip-chip assembled InP PIC on a TriPleX carrier that connects to fiber arrays; (b) Microscope
images of TriPleX and InP test chips, the enlarged view is a schematic of a probing pad (150 um x 300 um) and a bonding pad
(70 um x 90 um); (c) schematic of the metal stack of the bonding pad and solder pad.

CONCEPT

The photonic flip-chip assembly concept for an InP PIC on a TriPleX carrier is shown schematically in Fig.1 (a). Light
is coupled from fiber arrays to waveguides on the TriPleX carrier, and vice versa. This is a standard technology on
the TriPleX platform that is well-suited for fiber-to-chip coupling [4]. A passive self-alignment method is utilized for
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coupling light from the TriPleX chip into the InP chip as reported in [5]. This self-alignment is done simultaneously
and as a result of the flip-chip soldering process. This technique has been demonstrated to achieve interconnect
density of 40 channels per mm and provides + 2 um alignment tolerance within 0.5 dB [6].

Electrical connections are required to drive the InP PIC. They also provide the mechanical connection between InP
and TriPleX. A set of test chips are designed and fabricated to investigate the difference between the two soldering
methods, as shown in Fig. 1 (b). The InP PIC is positioned and bonded onto the TriPleX carrier through subsequent
laser soldering. We standardize chip layouts and interconnects using open standards [8], to use the same soldering
scheme for different PIC designs. The InP chips measure 4 mm x 4.6 mm, with a thickness of 200 um + 20 um. On
the P-side of the chip, on two opposite sides, there are each 29 electrical pads (bonding pads) with a size of 70 um
x 90 um at 150 um pitch. For the test chips, these are electrically interconnected in triplets, as can be seen in Fig. 1
(b). The TriPleX test chip measures 16 mm x 8 mm, with a thickness of 525 um * 25 um. On the TriPleX chip, bonding
pads that match the size and location of their InP-chip counterparts are arranged on the top side of the TriPleX chip.
Eutectic AuSn solder, about 5 um thick, is applied on top of each bonding pad on TriPleX during fabrication, as
shown schematically in Fig.1 (c). The bonding pads of the TriPleX chip are routed to larger probing pads at the outer
edges for electrical testing and driving after assembly.

TECHNOLOGY AND SETUP

Two types of laser soldering schemes were used for reflowing the eutectic AuSn solder pads, as shown schematically
in Fig.2 (a, b). The eutectic AuSn-pads have a melting temperature of 278 °C. One laser soldering scheme is through-
silicon laser soldering using a 1475 nm central wavelength (CWL) laser source, the other scheme is heat-conduction
laser soldering using a 975 nm CWL laser source. Regarding the first scheme, most of the laser power is transmitted
through the TriPleX chip, and a smaller part is reflected or scattered, which is mostly determined by the refractive
index contrasts between air, silicon, and silica and by the surface roughness. Taking the multiple reflections into
account, we calculated that an average of ~60% of the laser power is transmitted through the TriPleX chip, which
matches with experiments. As a result, the metal bonding pads directly absorb the thermal energy from the
soldering laser. Notably, AuSn solder pads are heated up and melted in a laser-on-time of less than 1 ms. Due to
the localized thermal energy, minimal thermal stress is inflicted on the PICs. The second soldering scheme is a
standard laser soldering technique that is widely used in industrial applications [3]. Here, most of the laser power
is absorbed by the TriPleX chip, and less part is reflected. Up to 70% of laser power is absorbed by the TriPleX chip.
Heat is transferred from the thermal energy of the soldering laser, through the TriPleX chip, to the metal bonding
interfaces. Multiple solder pads can be melted in a laser-on-time from a few hundred milliseconds to a few seconds.

a
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TriPleX PIC _ TriPleX PIC G v | et
Sapphire glass/ chuc Sapphire glass/ chuck conduction
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PUT holder

Placement of
a flipped InP chip
onto a TriPleX chip
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Fig. 2. Technology, setup, and assembly process: (a, b) Schematic of through-silicon laser soldering and heat conduction laser
soldering; (c) Image of a flipped InP chip held by a pick-up-tool (PUT) and placed on top of the TriPleX chip on a transparent
stage; (d) Microscope image of 16 bonding pads with eutectic AuSn solders on a TriPlex chip; the top enlarged view shows two
bonding pads with original solders, the bottom one shows two bonding pads with reflowed solders after laser illumination.

RESULTS AND DISCUSSION

We conducted flip-chip bonding experiments for the test chips shown in Fig. 1 (b) with both types of soldering
lasers. Fig. 2 (c) shows the laser-soldering-assisted assembly process based on an automated machine vision[9].
First, the TriPleX carrier is placed on a transparent sapphire glass chuck. Then, an automated pick-and-place tool
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picks the flipped InP chip and moves it onto the pre-defined location of the TriPleX carrier. Fig. 2 (d) is a microscope
image that shows wetted solders on the bonding pads and an alignment marker on the TriPleX carrier. This research
machine integrates the two soldering laser sources to compare the two schemes. The laser beam is guided by a
focusing optics system to the bottom side of the chip and melts the AuSn solder pads on the TriPleX chip, joining
both chips.

As for the 1475 nm laser source, its spot diameter on the backside surface of the TriPleX chip has a size of ~340 um.
A pad-by-pad reflow scheme requires a laser-on-time of 0.3 ms. Regarding the 975 nm laser source, its spot
diameter on the backside surface of the TriPleX chip has a size of ~330 um. It sufficiently heats an area of about
1 mm at the location of solder pads in a laser-on-time of 3 s. The mechanical strength was checked by shear force
testing as shown in Fig. 3. The measured shear force is ~¥6 N for both schemes, which meets the 2X MIL-STD 883
standards [10].

0 200 400 600 800
Distance [um)]

Complementary InP bonding pads soldered to TriPleX

Fig. 3. Experiment results: (a). Image of an assembled InP on TriPleX chip under shear force test; (b). Shear force results; (c).
Microscope image of two rows of 29 bonding pads each on TriPleX with complementary InP bonding pads after the shear test.

We presented a photonic flip-chip assembly concept for InP on TriPleX using two laser soldering schemes. The
through-silicon soldering shows fast soldering time, lower power for solder reflow, and less thermal impact on PICs
which is preferred over heat-conduction soldering, especially for large InP dies. These results indicate a significant
step forward towards reliable photonic packaging for complex devices with high-density interconnects.
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In this work, we present a new platform, SisNs-on-sapphire, in which 1.35 um thick SizsNas layers
can be deposited in a single low pressure chemical vapor deposition (LPCVD) step with very
low residual tensile stress (<50 MPa). The residual stress in the deposited SisNs layers, as well
as the stress gradient, were characterized by means of suspended stress diagnostic structures.
Details of the design, fabrication, and characterization of the stress diagnostic structures will
be presented. A thick (1.35 um) suspended spiral waveguide was fabricated using a specially
designed poly-crystalline silicon (poly-Si) sacrificial layer. No buckling of the suspended
waveguide structure was observed upon removal of this sacrificial layer, further confirming
the low stress of the SisNa layer.

Keywords: Thick silicon nitride, sapphire, stress, cracks

INTRODUCTION

Silicon nitride is one of the most promising materials for integrated optics due to its very low losses (less than
1 dB/m), nonlinearity, and transparency over a wide wavelength range (0.4 um to 6.7 um) [1], [2]. However, SizNa
films deposited by low pressure chemical vapor deposition (LPCVD) on silicon substrates have a strong residual
tensile stress of more than 1 GPa, which makes SisN4 structures thicker than 300 nm prone to fracture [3].

In this paper, we present a new optics platform, SizN4-on-sapphire, which solves the problem of high residual stress
in the LPCVD SisN4 layer upon deposition on silicon substrates. Various suspended stress diagnostic structures are
designed and fabricated. A tensile residual stress of ~45 MPa and a stress gradient of 150 MPa/um (in the thickness
direction) in the SisNs layer are determined by means of these stress diagnostic structures. Finally, a 1.35 um thick
suspended SisN4 spiral waveguide is fabricated on a sapphire substrate by a single LPCVD run over pre-patterned
poly-crystalline silicon (poly-Si) film that is afterward selectively removed.

DESIGN AND FABRICATION OF SUSPENDED STRESS DIAGNOSTIC STRUCTURES

In order to study the stress in the LPCVD SisN4 on sapphire layer, two types of stress diagnosis structures are
designed, namely a cantilever and a strain gauge. Cantilevers and strain gauges are used to study stress gradient
and stress value respectively. The cross-sectional configuration of both suspended structures are shown in Fig.1(a).
The SisN4 directly on the sapphire acts as an anchor, and the suspended SizN4 is the functional part of the device.

Vernier and scale
M Si;N, layer suspended part ‘_\
Indicator

beams
E\\";\"‘ Slope beams
| —

s SizN, layer anchor part

] Sapphire substrate

Cantilever

Suspended Si;Ny
Anchor
[N

Anch
chor i Test beam

(a) (b) (c)

Fig. 1 (a) Cross-sectional view of the suspended stress diagnostic structure. (b) Top view of the cantilever structure.
(c) Top view of the strain gauge structure.

The top view design of the cantilever is shown in Fig.1(b). After the suspended SisNs is released, a difference in
stress that may exist throughout the layer thickness of the suspended SisN4 film will cause the cantilever to deflect.
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Cantilever beams of different lengths and widths are designed to measure the stress gradient in the SisN4 suspended
layer.

Strain gauges are used to measure the stress in the SisN4 layer. The design of the strain gauge is shown in Fig.1(c).
The wide test beam of the structure has one end connected to a fixed anchor point, and the other end suspended
in the air. When the suspended SisNs is released, the test beam will be strained under the action of the residual
stress of the SisN4 layer. The deformation of the test beam caused by the residual stress will bend the slope beam
and causes a large displacement at the tip of the indicator beam and the displacement of the tips can be read at
the Vernier scale. The stress in the structural layer can be calculated through the displacement of the tip measured
by the optical microscope and the derived strain gauge conversion factor.

Fig. 2 shows a schematic diagram of the fabrication process of the designed suspended stress diagnostic structures.
First, 1 um thick poly-Si sacrificial layer is deposited on a sapphire substrate by means of LPCVD at 590°C (Fig. 2(b)).
Then, using contact lithography and subsequent pattern transfer via directional reactive ion etching (RIE), this poly-
Si sacrificial layer is patterned as shown in Fig. 2(c). Next, 1.35 um thick LPCVD SisN4 is deposited on the patterned
poly-Si at 800°C, followed by contact lithography and directional RIE to pattern the SisNa4 layer to obtain the
configuration of the stress diagnostic structure. Finally, aqueous tetramethylammonium hydroxide (TMAH) wet
etching is performed to release the SisNs structural layer, yielding suspended diagnostic structures (Fig. 2(f)).

mmm  Sapphire wafer

SNy _ _ _ \
Poly-Si
E “- ) E

Fig. 2 Schematic diagrams of the fabrication sequence of suspended stress diagnostic structures.

Fig. 3 (a) and (c) show the fabricated cantilever and strain gauge. The brightness changes in the figure indicate that
the suspended structures bends away from the sapphire substrate. In Fig 3.(b), an SEM photo shows two sets of
cantilevers of different lengths. The left side of the cantilevers is anchored to the sapphire substrate, and the right
side is suspended. All the cantilevers bend upwards. Fig. 3 (d) shows an SEM photo of three different sizes of strain
gauges.

(a)

100 pm

Fig. 3 (a) Optical and (b) scanning electron microscope (SEM) images of cantilevers. (c) Optical and (d) SEM images
of strain gauges. The scale bar in all photos is 100 microns.

STRESS GRADIENT AND STRESS MEASUREMENT RESULTS

The deflection of the end of the cantilever beam is measured with an optical microscope, and the stress gradient is
calculated subsequently. Measuring results are shown in Fig. 4. The longer the cantilever shows the smaller the
stress gradient. Due to gravity, a larger torque is exerted on larger cantilevers, which offsets its deflection. By
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calculating the average of the stress gradients obtained by eight sets of different cantilever beam lengths, we obtain
that the stress gradient in the LPCVD SisNa4 layer is approximate ~150 MPa/pm.
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707 Stress gradient

60 -
160 =
50 n g

0
300 350 400 450 500
Length of cantilever (um)

)

Delfection of cantilever (um
Stress gradient (MPa/pm

100 um
-

Fig. 4. (a) Measured deflection value of the end of the fabricated cantilever beams and corresponding
calculated stress gradient. The error bar sizes are the standard deviation of the three sets of measurement data;
(b) SEM image of the fabricated suspended 1.35 um thick SisNa4 spiral waveguide on sapphire.

The deflection of the strain gauge could be read on the Vernier scale through the optical microscope. Subsequently,
the stress values in the SisNs suspended layer were obtained. The measurement structures from two different
wafers showed consistent measurement results, verifying the repeatability of the results of the measurement
structure. The measured stress value in LPCVD SisN4 is 40~50 MPa.

SUSPENDED SPIRAL WAVEGUIDE

A suspended spiral waveguide is fabricated by means of an advanced fabrication process. A poly-Si mesa with sloped
edges was utilized as a sacrificial layer to ensure an adiabatic transition from the non-suspended to the suspended
waveguide structure. The fabricated suspended spiral waveguide is shown in Fig. 4(b).

CONCLUSIONS

By designing and fabricating stress diagnostic structures, we measured residual tensile stress of ~45 MPa in a
1.35 um thick LPCVD SisN4 layer deposited on a sapphire substrate. The measured value is approximately twenty
times lower than the residual stress value of SisN4 on silicon [4], which explains why SisNa4 layers with a thickness of
1.35 um can be deposited by single-run LPCVD without cracking. The stress gradient normal to the SisNs surface in
suspended SisNs was found to be ~150 MPa/um. The designed stress diagnostic structures can be used to study the
influence of the fabrication process on stress and stress gradient in future layers. A suspended 1.35 pm thick SisNg
spiral waveguide was fabricated, exhibiting no signs of buckling.
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A thick silicon photonics platform for quantum technologies
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We have developed an ultra-low-loss silicon photonics platform that can significantly
contribute to the second quantum revolution, supporting not only quantum photonics but
also solid-state quantum systems. We will present two examples: the development of next
generation quantum key distribution systems and the scaling-up of superconducting
guantum computers using cryogenic optical transceivers.

Keywords: silicon photonics, quantum key distribution, quantum computers, cryogenic
photonics, superconducting nanowire single photon detectors, quantum technologies

INTRODUCTION

We are leaving in the so-called second quantum revolution, which is aiming to exploit phenomena like quantum
superposition and entanglement for real-life applications. Photonic technologies are expected to have a major role,
not only to implement quantum photonic circuits, but also using classical light for solid-state quantum systems. In
particular, photonic integrated circuits (PICs) can support several different quantum technologies, contributing to
scale up system complexity and integration density, while providing unmatched performance and stability. In this
regard, our micron-scale silicon photonics platform [1] comes with unique features including low propagation losses
(down to 4 dB/m demonstrated to date [2]), broadband and low-loss coupling to fibres (= 0.5 dB), fast (> 40 GHz)
and responsive (= 1 A/W) integrated germanium photodetectors [3], up-reflecting mirrors for broadband and low-
loss coupling to arrays of single photon detectors, tight bends [4] enabling high integration density, efficient phase
shifters, low-loss Mach-Zehnder interferometers, multi-million Q ring resonators [5], polarization insensitive
operation, polarization splitters and rotators, including all-silicon Faraday rotators [6]. An example of quantum
photonics application is large-scale deployment of quantum key distribution (QKD) and, in particular, efficient
multiplexed receivers. A second interesting case is the use of PIC technology to scale-up superconducting quantum
computers, by connecting the hosting cryostat using classical optical links. In this case the main challenge is the
development of suitable electrical-to-optical converters (EOC) and optical-to-electrical converters (OEC) operating
at cryogenic temperatures.

NEXT GENERARION QKD

A first example application that can be enabled by the thick SOI platform is quantum key distribution (QKD)
networks [7] with higher key rates and/or longer working distance. In fact, PIC solutions are in the roadmap of major
QKD players [8], because of their unmatched stability, and scalability. We briefly present here how our platform
could support the development and the large-scale deployment of high-performance QKD systems, both based on
discrete variable (DV) and on continuous variable (CV).

In the DV-QKD implementations most suitable for long distances, the key rate scales linearly with the link
transmission probability n, i.e., the probability of a transmitted photon to be detected at the receiver. This is in clear
contrast with classical optical communications. Considering that longest links are operated even in excess of 70 dB
loss, there is in general a large mismatch between the transmission and detection speeds. This provides a unique
opportunity to combine the fastest optical modulators ever achieved with the most efficient single photon
detectors demonstrated to date, namely plasmonic modulators and SNSPDs. Transmitter speeds of present QKD
systems are in the order of a few GHz, meaning that plasmonic phase and amplitude modulators could be used to
boost the key rate by at least two orders of magnitude, while being still well matched by SNSPDs on the receiver
side. Even though high losses of plasmonic modulators, are not at all a problem for practical DV-QKD transmitters
(which rely on strongly attenuated light sources), they are clearly not tolerable on the receiver side. Still, this is not
a strong limitation, given that the many robust protocols for practical DV-QKD rely on “passive” receivers, that
require no modulators [9-11]. The combination of plasmonic modulators and SNSPDs becomes even more
attractive when considering that some of the most promising DV-QKD protocols, including measurement device
independent (MDI) QKD [12] and twin-field (TF) QKD [13], connect the users through a central unit (completely
untrusted) where all the photon detections occur (Fig. 1(a)). Large scale deployment of these systems can be
achieved by providing all users with low-cost transmitters (achievable with plasmonic chips) while deploying a
central detection unit — owned by the operator — to host a table-top closed-cycle cryostat where thousands of
SNSPD can be economically cooled down and operated in parallel. In this vision, the cryostat would be connected
with tens to hundreds of fibres, and each fibre should carry tens to hundreds of wavelength division multiplexed
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Fig. 1 (a) Schematic representation of QKD implementations based on a central node for photon detection; (b) 3D sketch of a
SNSPD array flip-chip bonded on a low-loss demultiplexing PIC.

(WDM) signals. With this goal in mind, we are presently fabricating at VTT low loss AWGs to demultiplex the WDM
signals coming from a single fibre and then couple them to flip-chip-bonded arrays of SNSPDs designed and
fabricated by our partner company Single Quantum that match the PIC layout (see Fig. 1(b)).

An alternative approach is CV-QKD, relying on Gaussian states instead of single photons. The main advantage is that
they require only standard telecom components [14] used for classical coherent optical communication and, in
particular, there is no need for single photon detectors. The main drawback is that secure implementations scale
quadratically with the transmission probability n, which limits the operation range to links with about 10 dB loss
(i.e. about 50 km assuming standard 0.2 dB/km fibre loss). Furthermore, unlike DV-QKD, the receiver speed must
match the transmitter speed. On the transmitter side, plasmonic modulators are again the perfect choice, given
that their losses are not at all an issue, and they can easily achieve both phase and amplitude ultrafast modulation
at the same time [15]. Ultrafast phase modulation would be needed also on the receiver side, but luckily on the
local oscillator only and not on the quantum signals [14], meaning that some modulator losses are acceptable.
Detection is typically made using shot-noise-limited balanced pulsed homodyne detectors [14], which operation
speed and stability can greatly benefit from PIC integration and dedicated electronics [16]. We therefore plan to
exploit the fast Ge PDs in our platform in combination with our in-house expertise in ultra-fast electronics. In our
vision, the CV-QKD receiver will be monolithically integrated on our thick SOI platform, to include the ultrafast
plasmonic phase modulator and the balanced photodiode. Also in this case, the PIC will ensure much better and
stable control of relative phase and time jitter compared to realisations based on optical fibres, therefore leading
to improved overall performance of the whole QKD system.

SCALING UP QUANTUM COMPUTERS

A second example application is the use of optical fibres to transfer data to and from superconducting quantum
computers aiming to scale-up the number of qubits and achieve useful universal quantum computing. It is generally
agreed that universally useful quantum computers will require about one million qubits [17]. To date, most
advanced universal quantum computers are based on superconducting qubits operated at temperatures around
100 mK, and electrical transmission lines are used to carry the electrical signals driving and reading the qubits inside
the cryostat. Such approach will become more and more challenging for thousands of qubits and beyond, due to
the limited bandwidth, high crosstalk, and high thermal conductivity of electrical cables.

Serialiser De-serialiser

[EIE] = R «[E[]

Fast ultra-low-dissipation
cryogenic interfaces

SFQ
g e g

20 al/bit ‘ 200 al/bit

quantum processor

Fig. 2 Optical fibre links will help scaling up cryogenic quantum computers and interfacing them with supercomputers.
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To overcome this limitations, we are pioneering the next generation of communication interfaces for cryogenic
qubits, using optical fibres and suitable OECs and EOCs. We are developing this technology in parallel with the
development of the Finnish quantum computer, which has recently achieved the first milestone of five qubits [18],
and now targeting fifty qubits by 2024.

Our vision is summarised in Fig. 2, where a large amount of data from a supercomputer is serialised by a suitable
EOC and sent through an optical fibre to a cryogenic OEC to drive a cryogenic classical co-processor based on fast
and energy efficient single flux quantum (SFQ) logic [19]. After inputting the data into the quantum processor, the
SFQ co-processors uses the calculation output to drive a suitable cryogenic EOC that, through another optical fibre,
sends the results to a de-serialising OEC communicating back to the supercomputer. As part of this vision, we are
presently developing, together with our partners, several PIC solutions for different building blocks, including the
serialiser and the cryogenic OEC and EOC.

Acknowledgements: We acknowledge support by the European Union’s Horizon 2020 through the project
aCryComm, Grant Agreement N. 899558, by the Academy of Finland Flagship Programme, Photonics Research and
Innovation (PREIN), decision number 320168.
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We present a fibre-packaged waveguide-enhanced Raman spectroscopic sensor with an
adiabatic directional coupler enabling the collection of the backscattered signal and the
removal of any signal from the fibres. Its limit of detection (LoD) is the lowest reported to
date for a WERS sensor without surface enhancing mechanism.

Keywords: Raman spectroscopy, chemical sensing, SiN

INTRODUCTION

Waveguide-enhanced Raman spectroscopy (WERS) has attracted significant interest as a method leveraging the
performance, size, and cost benefits of integrated photonics for Raman spectroscopic sensing of chemical and
biological species [1]. While all the components of a full WERS system (light source, filters, interaction region,
spectrometer) may eventually be integrated on a single chip, current limitations mandate using a source and
spectrometer that are off-chip. The coupling of light to and from the WERS chip is most practically done using optical
fibres, which can be bonded to the chip to remove the vibration sensitivity and need for expensive alignment stages
inherent to lens coupling. Fibber-coupling however requires additional components to avoid the background from
the fibres, notably a coupler separating the forward- and backward-propagating signals. Our initial demonstration
of fibre-coupled WERS relied on a conventional directional coupler [2].

A limitation of conventional directional couplers however lies in their small bandwidth around the optimal
wavelength where they function as a 50-50 splitter, whereas a Raman spectrum typically spans over a hundred
nanometers: a spectrum ranging from 500cm™ to 3000cm™ with a pump at 800nm corresponds to wavelengths
from 840 to 1100 nm. Deviations from the 50-50 splitting ratio result in losses and thus to a degraded SNR in the
spectral ranges where they occur. Lattice filters were recently demonstrated as a broadband coupler that can
simultaneously filter out the pump signal, enabling fibre-coupled interrogation of the WERS chip without any
contribution from the fibres [3]. These filters however suffer from a large footprint and a complex, fabrication-
sensitive design. While multi-mode interferometers (MMI) offer another broadband, small-footprint, easy-to-
design way of implementing the coupler required to collect the backscattered Raman signal [4], they do not act as
a filter, which leads to residual pump signal propagating (and thereby generating background Raman signal) in the
output waveguide and fibre. It has not been shown whether such a non-filtering coupler was sufficient to fully
remove the contribution from the fibres. Here, we explore this question using adiabatic directional couplers.

RESULTS

Adiabatic directional couplers use adiabatic mode evolution to ensure broadband operation. We designed and
implemented an adiabatic coupler [5] in a simple WERS circuit comprising edge couplers, the adiabatic coupler, and
two spirals in a region with the cladding removed to expose the waveguides. The chips were fabricated by Lionix BV
(Netherlands) on a 100 nm silicon nitride (SiN) platform and bonded to fiber arrays for easy interrogation. They
were then integrated in a flow cell to allow for reliable measurements of solutions with arbitrary integration time.

The 360 um-long adiabatic directional couplers showed a splitting ratio of 50%+10% between 800 nm and 1000 nm
[Fig. 1(a)], which corresponds to a difference in loss of less than 0.2 dB over the entire 200 nm wavelength range
considered. To quantify the contribution of the fibres to the background of the collected Raman spectrum, spectra
were acquired for varying fibre lengths and a linear regression performed to obtain the spectrum of the device with
zero fiber length. As can be seen on Fig. 1(b), the contribution from 5 meters of fibre is much smaller than the
contribution of the chip itself. The adiabatic coupler is therefore sufficient to remove the fibre signal.
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Fig. 1. (a) Measured transmission of the adiabatic coupler. (b) Measured Raman spectra with the contributions from the chip
and the fibres separated by linear regression on the fibre length.

To quantify the LoD of the sensor, Raman spectra were obtained for varying concentrations of isopropyl alcohol
(IPA) in water. The signal-to-noise ratio (SNR) was calculated for each spectrum by normalizing the spectrum,
subtracting a reference measurement of deionized water, and applying a penalized least squares algorithm to
remove the baseline [6]. We focused on the 818 cm™ characteristic peak of IPA to measure and plot the SNR. We
note that the treatment used to extract the noise makes no assumption about the signal, notably the positions and
linewidths of the Raman peaks of the analyte. The evolution of the SNR with the concentration (Fig. 2) can then be
used to determine the LoD by finding the concentration that verifies SNR = 3. Although the lowest concentration
for which a spectrum was obtained is 0.33 mol.L"%, a fit of the evolution of the SNR with concentration suggests that
the sensor's LoD for IPA lies at 0.03 mol.L'? (0.2 wt% in water).
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—— SNR =3
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Fig. 2. SNR as a function of the IPA concentration. A fit function following the theoretical form SNR = a\/%_b, with c the

concentration and a, b constants, was used.

DISCUSSION

We have experimentally demonstrated that a simple 50-50 splitter such as an adiabatic directional coupler is
sufficient to fully remove the fibre background from the collected backscattered Raman signal in WERS sensors.
Without any further on-chip filtering, the integration of an adiabatic coupler alongside broadband edge couplers
and a WERS sensing region on a fibre-coupled chip allows for chemical sensing in bulk liquids. This device exhibits
the lowest LoD reported to date for a WERS sensor without surface enhancing mechanism. Such a coupler offers a
small-footprint, easy-to-design alternative to lattice filters.

Acknowledgements: The authors acknowledge fabrication support from the Plateforme de Micro-Nano-
Technologie/C2N, which is partially funded by the Conseil Général de I'Essonne. The chips were fabricated by Lionix
BV (Netherlands) as part of a multi-project wafer (MPW) run. The authors thank Claire Poujouly and Jean Gamby
for help with the microfluidic setup.

4 - 6 May 2022 - Milano, ltaly - 23" European Conference on Integrated Optics

81



W.P.19
Q

References

[1] M. Ettabib, A. Marti, Z. Liu, B. Bowden, M. Zervas, P. Bartlett, and J. Wilkinson, "Waveguide Enhanced Raman Spectroscopy
for Biosensing: A Review", ACS Sensors, vol. 6, pp. 2025-2045, 2021.

[2] D.Kita, ). Michon, and J. Hu, “A packaged, fiber-coupled waveguide-enhanced Raman spectroscopic sensor,” Optics Express,
vol. 28, pp. 14 963-14 972, 2020.

[3] N. Tyndall, T. Stievater, D. Kozak, M. Pruessner, and W. Rabinovich, "Passive photonic integration of lattice filters for
waveguide-enhanced Raman spectroscopy,” Optics Express, vol. 28, pp. 34927-34934, 2020.

[4] K. Reynkens, S. Clemmen, A. Raza, H. Zhao, J. Peiaranda, C. Detavernier, and R. Baets, "Mitigation of photon background
in nanoplasmonic all-on-chip Raman sensors," Optics Express, vol. 28, pp. 33564, 2020.

[5] L.Cao, A. Elshaari, A. Aboketaf, and S. Preble, "Adiabatic couplers in SOl waveguides," in Conference on Lasers and Electro-
Optics 2010, paper CThAA2, 2010.

[6] J.Ye et al. “Baseline correction method based on improved asymmetrically reweighted penalized least squares for Raman
spectrum”, Applied Optics, vol. 59, pp. 10933-10943, 2020.

4 - 6 May 2022 - Milano, ltaly - 23" European Conference on Integrated Optics

82



W.P.20
Q

Wideband and large optical throughput Fourier-transform spectrometer
implemented on a silicon nitride chip

David Gonzalez-Andrade®”, Thi Thuy Duong Dinh?, Sylvain Guerber'?, Nathalie Vulliet?, Sébastien Cremer?,
Stephane Monfray?, Eric Cassan?, Delphine Marris-Morini!, Frédéric Boeuf? Pavel Cheben®*, Laurent Vivien?,
Aitor V. Velasco® and Carlos Alonso-Ramos?

ICentre de Nanosciences et de Nanotechnologies, CNRS, Université Paris-Saclay, 10 Bd. Thomas Gobert, Palaiseau, 91120,

France
2STMicroelectronics SAS, 850 rue Jean Monnet, Crolles, 38920, France
3National Research Council Canada, 1200 Montreal Road, Bldg. M50, Ottawa, Ontario K1A OR6, Canada
4Center for Research in Photonics, University of Ottawa, 25 Templeton St., Ottawa, Ontario KIN 6N5, Canada

SInstituto de Optica Daza de Valdés, Consejo Superior de Investigaciones Cientificas (CSIC), 121 Serrano St., Madrid, 28006,

Spain
* david.gonzalez-andrade@c2n.upsaclay.fr

On-chip spectrometers are important devices for applications in medical diagnostics, and
atmospheric research. However, the performance of state-of-the-art on-chip spectrometers
is hampered either by narrow operating bandwidths, limited optical throughput or low
spectral resolution. In this work, we present a wideband silicon nitride spectrometer with a
wide-area multiaperture input which substantially increases the optical throughput.
Keywords: silicon photonics, silicon nitride, spatial heterodyne, Fourier-transform spectrometer,
wideband, optical throughput, étendue

INTRODUCTION

The presence and concentration of different substances in a sample can be determined by analyzing the interaction
of electromagnetic fields with matter. Optical spectroscopy studies the vibrational and rotational motions of the
molecules when the light is emitted, scattered, or absorbed and covers the electromagnetic spectrum from 100 nm
to 20 um [1]. Optical spectrometers are typically classified into benchtop and miniaturized spectrometers. Benchtop
systems are bulky but offer a high spectral resolution over a wide wavelength range, making them suitable for multi-
target applications (e.g., food industry, astrophysics, and biochemical analysis). Miniaturized spectroscopic systems
have been proposed with great prospects for remote sensing, in situ environmental monitoring and health care [2].

Silicon photonics has enabled the development of compact, robust, and high-performance optical components at
low cost, showing a great potential for the implementation of miniaturized spectrometers. Different approaches
have been proposed based on light dispersion, wavelength-dependent speckle patterns or light interference and
reconstruction through the Fourier transform (FT). Dispersive devices comprise arrayed waveguide gratings, echelle
gratings and microring resonators, among others. Although these devices yield spectral resolutions on the order of
several hundreds of picometers, they are sensitive to fabrication imperfections and have a single input aperture
that limits the optical throughput. Similarly, the signal-to-noise ratio in speckle-based spectrometers is limited due
to their single input aperture and the losses intrinsically associated with their principle of operation, i.e., scattering,
leakage, and evanescent coupling. Conversely, Fourier-transform spectrometers exploit the Jacquinot’s advantage
to increase the optical throughput. The key concept is to optimize the light collection at the input to implement a
large area input based on multiple apertures. This input area can be enlarged by increasing the number of apertures,
benefiting from wider solid angles and thus an inherently large optical throughput (i.e., the optical throughput is
the product of the solid angle and the input area) A convenient architecture for on-chip implementations is the
spatial heterodyne Fourier-transform (SHFT) spectrometer, which employs an array of Mach-Zehnder
interferometers (MZl) with different optical path differences and obviates the need for moving or active
components [3,4]. In addition, SHFT spectrometers allow for multiaperture input configurations and compensation
of fabrication deviations due to independent access to each interferometer input and output [3]. However, SHFT
spectrometers demonstrated to date only show narrowband operation near 1.55 um and it is only recently that the
Jacquinot’s advantage was exploited in this type of spectrometers [5].

Here, we demonstrate a wideband silicon nitride (SiN) SHFT spectrometer with a wide-area multiaperture input to
increase the optical throughput. Our experimental results show a high resolution of 49 pm (worst case) within the
1260 —-1600 nm wavelength range, while the optical throughput is increased by 13 dB compared to a single-aperture
device [6].
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RESULTS

A three-dimensional (3D) schematic and a two-dimensional (2D) side view of the proposed multiaperture input are
depicted in Fig. 1. We consider a silicon nitride film with a thickness of Ts;y = 600 nm surrounded by a SiO2 upper
cladding and a buried oxide (BOX) layer with thicknesses of 1.5 um and 1.4 um (Tgox), respectively. The device was
designed for transverse-electric (TE) polarization. The diffractive section of the input grating composes a periodic
array of shallow-etched and unetched SiN segments with a period of A = 1025 nm, a duty cycle of DC = a/A =
61.5%, and an etch depth of T = 300 nm. The design of the width (W) and length (Ls.) of the original 3D
structure can be treated separately because of the large difference between grating width and thickness [7]. Thus,
we optimized transversal (x direction) and longitudinal (z direction) geometries to maximize the overlap between
the Gaussian field with a 500 um beam waist of the pigtailed gradient-index (GRIN) fiber collimator and the field
radiated by the grating. The grating coupler comprises 16 inputs of 20 um each. As the coupler length is determined
by the grating radiation strength (i.e. the lower the grating radiation strength the longer the grating length), we
exploited the low refractive index contrast of the SiN waveguides in combination with the shallow-etched geometry
to substantially reduce the radiation strength and achieve a grating length of L;- = 410 pm. Note that increasing
the grating length reduces the angular aperture in the longitudinal direction. However, it consists of a total of 16
small grating couplers in the transversal direction, which does not reduce the angular aperture along this direction.
Finally, the grating section was connected to each MZI input by means of 500-pum-long tapers (Lry).

(b)

: y
Ly x‘LZ Lec Ly

Fig. 1. Schematic representation of the wide-area multiaperture input grating coupler in (a) 3D and (b) 2D (side view).

The SHFT spectrometer comprises an array of 16 MZIs s with a reference arm of constant length and a spiral arm
with increasing length. A maximum length difference of 22.8 mm was implemented between the reference and
spiral arms. In order to overcome the performance limitations of state-of-the-art beam splitters, we utilized ultra-
wideband SiN beam splitters based on modal engineered slot waveguides. These splitters have low losses and low
power imbalance within a wavelength range spanning from 1260 nm to 1680 nm [8].

The fabrication of the device was carried out using the 300 mm silicon photonics R&D platform at
STMicroelectronics. Patterns were defined using 248 nm deep-ultraviolet (deep-UV) lithography and transferred to
the SiN layer through a dry etching process. Finally, the SiO2 cladding was deposited. An optical image of the
fabricated SHFT spectrometer is shown in Fig. 2a, while scanning electron microscope (SEM) images of the input
grating coupler, an MZI and an output grating coupler are shown in Figs. 2b, 2c, and 2d, respectively.

Fig. 2. Optical images of (a) the SHFT spectrometer. SEM images of (b) the input grating coupler, (c) the most unbalanced
Mach-Zehnder interferometer and (c) an output grating coupler.

The device characterization was performed using a GRIN fiber collimator to illuminate the wide-area input grating
coupler and a cleaved single-mode optical fiber (SMF-28) to collect the light from each MZI output. To assess the
optical throughput improvement, we measured the transmittance of each MZI at 1563 nm and we normalized it
with respect to the transmission of a reference structure with conventional grating couplers (see Fig. 3a). A 13 dB
increase in the total collected power is achieved compared with a conventional input grating coupler (single
aperture). Measurements in a total of 18 different spectral regions were also carried out within the 1260 — 1600
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nm wavelength range by adjusting the tilt angle of the GRIN collimator and the SMF-28 fiber independently. Figure
3b shows the retrieved spectrum of a monochromatic input and a doublet in three different spectral regions. The
wavelength resolution, measured at full width at half maximum, is about 30 pm near 1260 nm and 50 pm near 1600
nm, while the free spectral range (FSR) varies from 260 nm to 470 nm within the same bandwidth.
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Fig. 3. (a) Transmittance of the Mach-Zehnder interferometers at 1563 nm normalized with respect to the transmission of two
conventional grating couplers in back-to-back configuration. (b) Retrieved spectrum of a monochromatic input and a doublet.

DISCUSSION

In this work, we demonstrated the first wideband SHFT spectrometer with large optical throughput. The device was
fabricated using 248 nm deep-UV lithography in an industrial SiN platform. It comprises an array of 16 MZI with a
maximum imbalance of 22.8 mm. To achieve wideband operation, high-performance SiN beam splitters were used
in each MZI. Specifically, beam splitters enabled a wide operation over a 340 nm bandwidth (1260 — 1600 nm).
Furthermore, the chip input interface was designed to cover a large light collecting surface of 320x410 pum?,
leveraging the multiple surface grating couplers to increase the optical throughput by 13 dB compared to a single-
aperture device. A worst-case spectral resolution of ~50 pm in a 470 nm FSR was experimentally demonstrated
within the 1260 — 1600 nm wavelength range. We believe that these results open promising prospects for the
development of miniaturized spectrometers aimed at multi-target applications in the near-infrared.
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Silicon photonic spectrometers have a great potential for applications in medicine,
environmental monitoring and hazard detection. One of the major limitations of silicon
spectrometers is their high sensitivity to fabrication imperfections and variations of
environmental conditions. We exploit the ability of deep-learning algorithms to detect and
classify specific patterns, even in the presence of noise, to improve the resilience of silicon
Fourier-transform spectrometers.

Keywords: Miniaturized Spectrometer, Silicon Photonics, Fourier-Transform, Deep Learning

INTRODUCTION

Silicon photonic spectrometers have a great potential for applications in medicine, environmental science,
astrophysics and hazard detection. Amongst other approaches such as arrayed waveguide gratings (AWGs) [2],
waveguide echelle gratings [3], or cascaded micro-ring resonators [4], spatial heterodyne Fourier-transform (SHFT)
architectures provide high optical throughput and increased signal to noise ratio [5]. SHFT spectrometers are generally
implemented with an array of Mach-Zehnder interferometer (MZIs) with linearly increasing optical path length
differences. The resulting spatial interferogram allows retrieving the input spectrum, while enabling passive
calibration to correct fabrication imperfections [5]. However, temperature fluctuations during SHFT operation induce
phase errors in the spatial interferogram that can severely distort the retrieved spectrum through wavelength shifts,
sidelobe level increments, and other artifacts [6].

Machine learning algorithms have been proposed to substantially mitigate temperature sensitivity of silicon SHFTSs,
level [7]. This approach was applied to the detection of specific absorption features directly from the output
interferogram of the SHFT, without the need to analytically retrieve the input spectrum. This approach yielded a 100-
fold improvement of tolerances against temperature variations. However, machine learning algorithms were trained
with the same SHFT chip used later for measurements, hence limiting their accuracy to the specific fabrication
imperfections of the particular chip. That is, the machine learning algorithm has to be trained for each individual SHFT
chip, hampering the scalability of the approach.

Here, we propose a new technique for creating a generalized deep-learning model capable of handling random and
unknown fabrication imperfections, as well as variations in environmental conditions. This approach circumvents the
need to re-train a model for each individual SHFT chip, opening new perspectives for large-volume realization of
robust SHFT spectrometers in silicon photonics. The first results on simulated SHFT models show a detection accuracy
exceeding 90 % for random unknow waveguide width variations as large as +20 nm.

RESULTS

As a test case for our deep learning approach, we model the silicon SHFT spectrometer reported in [7], formed by an
array of 32 MZIs with linearly increasing waveguide length imbalance up to 1.13 cm. Silicon waveguides are 450 nm
wide and 260 nm thick to ensure single-mode operation and minimize scattering loss. We consider transverse
magnetic (TM) polarization and propagation losses of 4 dB/cm. Our model relies on electromagnetic calculations of
the phase propagation constant of the waveguides and the transfer matrix of the MZIs (i.e., the 2D calibration matrix
comprising output power as a function of wavelength and MZI number) while artificially inducing waveguide width
and temperature variations, alignment imperfections and noise. Simulations include chromatic dispersion and the
thermo-optic coefficient of silicon silicon (dng;/dT = 1.8 X 107* K™1). For each simulated realization of the SHFT
spectrometer, the waveguide width of each MZl is randomly set within the 430 — 470 nm range. We also multiply all
the transfer matrices by a random constant K that varies randomly in the 0.8-1 range. This constant, K, models the
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alignment imperfections of the input beam that may occur during experimental characterization. We also add a white

Gaussian noise with ¢ = 0.05 to

the transfer matrix.
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Fig. 1. Optical spectra of the four classes used for feature recognition on deep-learning algorithms

We consider a classification problem with four different classes (see Fig. 1). The first three classes have two absorption
peaks with varying separations, whereas the last class presents no absorption peak. In the three first classes, there is
one fixed peak at 1549.5 nm and other peaks at 1549.8 nm, 1550 nm, 1550.2 nm, respectively. This configuration with
two peaks circumvents retrieval inconsistencies due to symmetry of the spectrum with respect to the Littrow
wavelength. These retrieval inconsistencies can happen with wavelength shifts induced by temperature variation,
which decrease the capacity of deep learning algorithm to differentiate two peaks. The fixed peak could be

implemented with an optical wavelength filter in an experimental realization.
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Fig. 2. Four examples of data points used for feature recognition with the deep learning algorithm. Each data point comprises a
2D matrix with the output of each MZI for a temperature variation between 20 and 30 °C, considering a single input spectrum and
chip realization (i.e., a specific set of random and unknow fabrication imperfection)

For each SHFT realization, i.e., a given set of randomly distributed waveguide widths in each MZIs with alignment
imperfection of the input beam and noise considered, the output interferogram is recorded as a function of the
temperature. For the classification problem, each data point comprises a matrix with the output of the 32 MZI for

temperature variation between 20°C and 30°C (see Fig. 2). We give no information about the temperature to the deep
learning algorithm.
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Recognizing the different classes from the analysis of the data matrices is a very similar problem to that solved in image
recognition, leading to the decision of using convolutional neural network [8]. Our deep-learning model comprises two
3x3 convolutional layers and two dense layers with LeakyRelLu as activation function. We use 2000 data points for
training and 2000 data points for testing. Table 1 shows the confusion matrix for testing results. We obtain an accuracy
detection of 92.6 %. These results show the potential of using deep learning algorithm for detecting specific absorption
features directly on the output of the MZIs, even in presence of random and unknow fabrication imperfection.

Class 1 Class2 | Class3 | Class 4
Class 1 456 1 52 0
Class 2 9 434 23 0
Class 3 55 4 460 2
Class 4 1 0 0 503

Tab.1. Confusion matrix

DISCUSSION

In conclusion, we proposed a new approach based on deep learning algorithms for improving the performance of
integrated SHFT spectrometers against fabrication imperfections and environmental conditions. The first results on
simulated data shows an accuracy detection exceeding 90%. This work opens interesting prospects for the use of
artificial intelligence in integrated photonic circuits.
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Brillouin spectroscopy is an optical method to measure fundamental 3D material viscoelastic
properties. The main challenge in Brillouin spectroscopy is the detection of the inelastic peaks
as a consequence of the dominant elastic background light. Here, we demonstrate a silicon
nitride ring resonator of ~10dB extinction ratio and Q factor of ~1.9x10° as an ultracompact
notch filter to suppress the background light in Brillouin spectral measurements.

Keywords: silicon nitride, ring resonator, silicon photonics, Brillouin spectroscopy

INTRODUCTION

Characterization of the material mechanical properties is a primary task across several fields ranging from chemistry
to material and life sciences. Unlike standard analytical approaches based on the application of contact forces,
Brillouin spectroscopy is purely optical and provides access to 3D mechanical properties without the need of contact
nor sample labelling [1]. In Brillouin spectroscopy, a narrowband monochromatic laser beam illuminates the sample
and the scattered light is spectrally analyzed by a spectrometer with sub-GHz resolution. The frequency shift and
the linewidth of the Brillouin spectral peaks arising from the light interaction with thermally-activated spontaneous
acoustic waves of matter provide information about the individual elastic moduli that form the full material elastic
tensor [2]. Combination of Brillouin spectroscopy with confocal microscopy has paved the way to a novel disruptive
technology for mechanobiology and for biomedical diagnostics [1,3]. Yet, this optical method remains challenging
as a consequence of the dominant elastic background light arising from both Rayleigh scattering and specular
reflections. Several methods have been demonstrated in recent years in an attempt to suppress the elastic
background light [4-6]. Despite a typical extinction ratio of >30dB, these methods still rely on free-space optics that
make them generally complex and expensive. Moreover, the long optical path makes these methods particularly
sensitive to mechanical drifts and environmental temperature changes. To overcome these limitations, we
demonstrate an ultracompact on-chip ring resonator working as a notch filter at A = 532 nm central wavelength
to attenuate the elastic background light in Brillouin spectroscopy measurements [7].
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Fig. 1. All-pass ring resonator schematic (a) and transmission profile (b). Diagram of the PIC layers (c) providing
a fundamental TE mode (d). The PIC was wire bonded on a PCB and optically coupled using u-lensed fibers (d).
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A standalone all-pass ring resonator (Fig. 1a) was designed to provide an almost flat transmission intensity profile
with narrow resonance dips equally separated by a Free Spectral Range of FSR = 40 GHz (Fig. 1b). The photonic
chip was fabricated in a silicon nitride platform by LPCVD process with a waveguide dimension of 600 nm x 150 nm
to confine the fundamental TE mode across the waveguide (Fig. 1c,d). To maximise the extinction ratio and thus
the attenuation of the elastic background light, the ring was designed in an attempt to achieve critical coupling, a
condition that we numerically estimated to be reached for a target ring power coupling of k = 12.2%. Given the
tight confinement of our propagating TE mode, the ring was designed in a racetrack configuration with a coupling
length of 93.86 um and a gap size of 275 nm. Tuning of the ring resonance at the laser frequency was accomplished
by means of a thermal phase shifter located above the ring structure. PIC packaging was performed to enable both
electrical and optical coupling. To ease the electrical accessibility needed for the thermal tuning, the PIC was
mounted and wire bonded on a custom printed circuit board (PCB), whose inputs and outputs were connected to a
current supplier (Fig. 1e). Two p-lensed single-mode fibers were used to compensate for the mode field diameter
(MFD) mismatch between the input and output single-mode fibers in the visible range and our Si3N4 waveguides.
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Fig. 2. Transmission intensity profile of the fabricated all-pass ring (a) with measured extinction ratio of ~10
dB and Q-factor of 1.9x105. Brillouin spectra with the filter resonance off and at the laser frequency (b). Red
dashed line shows a qualitative comparison of the spectrum achievable with conventional bulk filters.

The fabricated ring was characterized by direct coupling the light from a monochromatic single-longitudinal-mode
laser (LaserQuantum Torus) working at A = 532 nm and tuning the input voltage applied to the phase shifter. Fig.
2a shows the transmission intensity profile of the ring obtained by detecting the light transmitted at the pass port
and at each scanning phase step. From the transmission profile we measured an extinction ratio of ~10 dB and a
linewidth of v = 3 GHz, corresponding to a Q-factor of ~1.9 X 10>. A proof-of-concept of the capability of the
integrated filter to attenuate the parasitic elastic background light was obtained in a custom Brillouin spectral
system built in a 90-degree scattering geometry to avoid collection of specular reflections. The scattered light from
a polystyrene sample was collected in confocal mode and delivered to the on-chip filter for background cleaning
and to a single-stage VIPA spectrometer for spectral acquisition. The PIC insertion loss of 18 dB per facet obtained
in the packaging process imposed a relatively long data acquisition time of 30 s with 150 mW optical power at the
sample plane. Fig. 2b shows a comparison of the acquired Brillouin spectra of polystyrene with the filter off and
with the resonance peak tuned at the laser frequency. By fitting the Rayleigh-attenuated spectrum, we obtained a
measured Brillouin shift of v5~9.9 GHz, providing an acoustic velocity of ¥ = 2330 m/s in good agreement with
expectations.

DISCUSSION

We demonstrated an ultracompact and fully integrated notch filter based on a racetrack all-pass ring resonator
fabricated on a silicon nitride for visible light. While existing free-space filters for Brillouin spectroscopy provide a
typically higher extinction ratio of >30 dB, our notch filter provides unprecedented robustness, dimension and ease
of use. Fine tuning of the ring gap size as well as the integration of more rings in cascade can result in higher
extinction ratio without compromising the system footprint. Our results demonstrate the opportunity to employ
silicon photonics to develop novel integrated spectral devices for noncontact Brillouin spectroscopy.
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This work numerically investigates two different polarization rotation concepts on the 800 nm
thick SsN4 platform through 3D-FDTD simulations. The explored rotation approaches rely on
the mode-evolution and mode-hybridization mechanisms and the comparative study reveals
a minimum polarization conversion efficiency of 90.7% and 98.2% across the entire 1500 -
1600 nm wavelength span, while the insertion losses remain below 0.1 dB for both layouts.
Keywords: Polarization rotator design, Silicon Nitride PIC, 3D-FDTD simulation method

INTRODUCTION

Photonic integrated circuits (PICs) that split or rotate polarization states are essential components of polarization
diversity systems for applications in optical communications, data interconnects and quantum computing [1-3],
with SisNs now gaining traction as the main choice over SOI due to lower propagation losses, the absence of
nonlinearities as well as the higher fabrication yield [4]. However, polarization splitting and rotation is hard to
achieve in SisNs based PICs due to the medium index contrast of the platform [5], with most layouts exploiting the
mode evolution scheme for rotation, where the supported fundamental modes are twisted by the cross-sectional
asymmetries of the waveguide. Even though there is plethora of such PICs recorded in the literature, there is a lack
of performance comparison between well-established Polarization Rotation (PR) design approaches on SisNa.
Towards this direction this work presents a comprehensive numerical comparison of two photonic layouts, that
include an asymmetric rib-type taper configuration that gradually converts the modes between the two polarization
states based on mode evolution, and a rectangularly side-etched waveguide where the modes are hybridized by a
symmetry break at the cross section of the waveguide [6-7]. The polarization conversion efficiency (PCE) is
calculated with the use of three-dimensional finite-difference time-domain (3D-FDTD) electromagnetic simulations
and two pure SisN4 PR designs. The mode-evolution and mode-hybridization approaches feature minimum PCE
values of 90.7% and 98.2%, respectively, across the 1500 - 1600 nm wavelength range, with calculated insertion
losses (IL) remaining below 0.1 dB.

PRINCIPLE OF OPERATION, DESIGNS AND NUMERICAL RESULTS

The two polarization rotation mechanisms that will be investigated in this work are based on the mode evolution
and mode hybridization mechanisms. The polarization rotation in a mode-evolution-based PR is induced by
gradually twisting the waveguide using properly designed tapers that require two lithographic steps during
fabrication. In this way, the initial polarization state of light in the transformation waveguide slowly undergoes an
adiabatic 90° rotation. The length of mode-evolution-based PR devices is usually long and their main advantage is
their large operation window. PRs relying on mode hybridization exhibit a break of symmetry at the cross section
of the waveguide by applying a trench. This abrupt change across the waveguide enables polarization rotation
through the interference between two orthogonal hybrid modes and complete conversion occurs at a length equal
to the half of the beat length L~ of the two modes. The optical power is now exchanged between the two desired
polarization states and more than one etching steps are required to realize the asymmetry.

The performance of a PR device is evaluated by calculating the PCE values for the conversion of one polarization
state to the other based on the following equations:
Tr(TE)

PCE =— Vv 7 _100% (1) , Pce =
M (TE) + Tr(TM) T TE

Tr(T™)

V) q00% (2
Tr(TM)+Tr(TE) 100% (2)
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Fig. 1. a) Supported hybrid modes of an asymmetric waveguide at 1550 nm wavelength. b) Simulated electric field
distributions of TE and TM polarized light across a PR device with very high PCE
where T¢(E) and T:(M) are the percentages of the transmitted TE and TM polarized light, respectively, at the output
port of the circuit. PCEte>tm refers to the conversion of the TE to TM light, while PCEtrm-Te to the conversion of TM
to TE light, and their values usually have similar magnitude in PR devices.

In a mode-evolution-based rotator the asymmetry of the waveguide in the PR region gradually changes until the
cross section of the waveguide becomes rectangular. As a result, two hybrid modes are supported having a varying
TE / TM polarization fraction along the PR region and at a certain point their modal profiles are as the ones depicted
in Fig. 1(a). On the contrary, in a mode-hybridization-based PR the cross-sectional geometry along the PR region is
constant and the supported modes have a non-varying polarization fraction with modal fields as depicted in the
same image Fig. 1(a). A large mode overlap between the two supported modes at the PR region enables exchange
of power between them enhancing polarization rotation and therefore the PCE values. The rotation of the input
modes along a PR with very high PCE is clearly depicted through the indicative simulated electric field distributions
of Fig. 1(b), where the propagation of |E,| and | E;| components is presented as TE or TM polarized light is entering
the device. When TE mode is launched, the E, field is converted to E; and TM mode is obtained, whereas the
opposite is taking place where when TM mode is launched, the E; field is converted to Ey and the TE mode is the
dominant one.
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Fig. 2. a), c) 3D schematics of the two PR PIC layouts and b), d) their respective calculated PCE at 1550 nm wavelength
versus the length of the polarization rotation stage
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Fig. 3. a) Broadband performance of the two types of pure-SiN PR PICs and c) their corresponding insertion losses

The 3D schematics of the two investigated SizsN4 PR designs are shown in Fig. 2. The most well-known and explored
scheme for rotation is the asymmetric rib-type taper configuration, shown in Fig. 2(a). Here the input waveguide of
the structure has a 800 nm width and 500 nm thickness, the output has a width W and 800 nm thickness, while the
rotation region has a length L: and the tip of the linear taper is 100 nm wide. The refractive indices of the SisN4
waveguide core and SiO2 cladding at 1550 nm are 1.974 and 1.45, respectively. The PCE values are calculated at
1550 nm with varying Lt when W is 500 nm or 800 nm and Fig. 2(b) shows the corresponding performance curves.
When W = 800 nm the maximum conversion achieved is 82% for L: = 68 um, but when W =500 nm the base of the
asymmetric rib taper is tapered down, the geometry of the waveguide mimics a 90° twist and the PCE progressively
increases up to 91% at L: = 130 um. Moving on to the mode hybridization scheme, Fig 2(c) shows the PR design
where a rectangular area with width W, length L and etched depth 300 nm has been removed from the side of a
W wide waveguide. Four combinations with values W =800 nm /1 um and W= 200 nm / 400 nm have been studied
with varying L, where in each case the hybrid modes have different TE / TM polarization fractions. Figure 2(d)
reveals a PCE of 98.2% for W = 800 nm, W; = 200 nm and L = 73 um, strongly indicating that the two supported
hybrid modes in the PR region have TE / TM polarized fractions close to 50%. Rotation is also achievable when W =
800 nm and W, = 400 nm with a PCE peak at 90%. On the other hand, the overlap between the two hybrid modes
is very low when W =1 um and therefore PCE values do not exceed 50%.

Concluding, Fig. 3 presents the broadband behavior of the SisN4 designs with the highest PCE in the 1500 - 1600 nm
wavelength region. As observed, the notable case of the simple mode-evolution-based PR featuring a waveguide
twist of Fig. 2(a) exhibits the lowest PCE that scales between 90.7% and 91%. On the other hand, the design of Fig.
2(c) that induces polarization rotation based on orthogonal hybrid modes features the highest PCE and most solid
response ranging between 98.2% and 98.3%. The calculated IL of both configuration when a TE or TM polarized
mode is injected as input are shown in Fig. 3(b). The IL are below 0.03 dB for the asymmetric rib-taper-based PR
and below 0.1 dB for the rectangularly etched waveguide for both input polarizations, granting the designs almost
lossless properties. It is also worth to be noted that the PR performance of the devices can be further enhanced
with fine tuning the cross section of the waveguides at the PR stage.

CONCLUSIONS

In this work, the concept of polarization rotation is numerically studied through 3D-FDTD electromagnetic
simulations on two different rotator waveguide designs based on the 800 nm thick S3sN4 platform. The two layouts
feature an asymmetric rib-type taper configuration and a rectangularly side-etched waveguide and achieve a
minimum conversion efficiency of 90.7% and 98.2% respectively across the 1500 - 1600 nm span. The insertion
losses are below 0.1 dB for both configurations in the same 100 nm region, confirming the robustness of the designs.
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We demonstrate a fully portable photonic chip based biosensing system. By a combination of
chip design and a mechanical alignment system design, we demonstrate an affordable auto-
align solution for biosensing applications.

Keywords: Optical connectivity, biosensing, invert waveguide taper

INTRODUCTION

In recent years, optical waveguide based biosensing has gained much interest. However, difficult optical alignment
between the chip and the outside world has been one of the bottlenecks hindering the application of this
technology outside the research lab [1]. In this study, we demonstrate a fully portable system, including chip design,
input-output coupling automation, temperature control, and parallel detection. The input and output waveguides
have inverted tapers with a mode size that matches the fiber mode. This largely reduces the alignment accuracy
requirement and improves the coupling stability during sensing. Both input and output have been designed without
any physical contact to prevent wear of optical surfaces. The system can fully automatically align the optical chips
within 30 s.

OPTICAL SYSTEM DESIGN

The optical system design is shown in Fig. 1(a). We will introduce the design following the order from the chip input
to the chip outputs.

The coupling between the input fiber and the chip has been designed through a lens system. This lens system re-
images the fiber mode with 1:1 ratio, by using two identical aspherical lenses (Thorlabs F260APC-1064 — 1064 nm,
f=15.43 mm, NA =0.16 FC/APC Fiber Collimation Pkg. and Thorlabs A260TM-B —f = 15.29 mm, NA = 0.16, Mounted
Aspheric Lens, ARC: 650 — 1050 nm). This lens system provides ~14 mm working distance to the chip, which leads
two key advantages in comparison with traditional end facet contact coupling. First, no wear-out of optical
interfaces. This leads to significantly longer fiber lifetime. Second, no collision risk during the auto-alignment
process. This leads to a simpler and faster auto-alignment procedure.

Inverted optical tapers are widely used to minimize the coupling loss between fiber and waveguide [2, 3]. The
enlarged mode size in the inverted taper not only improves the coupling efficiency, but also improves the coupling
stability during long sensing measurements. We design our waveguide taper by optimizing the coupling efficiency
with the fiber mode, since our lens system re-images the fiber mode with 1:1 ratio. The waveguide cross section is
shown in the insert of Fig. 1(b). The Al203 core thickness is 450 nm. Simulated coupling efficiency as a function of
waveguide bottom width at different side wall angles 8 for both TE and TM modes are shown in Fig. 1(b). Our e-
beam lithography fabrication provides a side wall close to 90°, thus a waveguide bottom width of 150 nm has been
chosen to achieve maximal coupling for both TE and TM modes at a wavelength of 1030 nm.

The input light is split by cascaded Y-splitters to 16 channels. In each channel, there is one microring resonator for
sensing. The sensing principle is based on the resonance wavelength shift of a microring resonator when it
experiences a refractive index change in its top cladding [4].

Both the Y-splitters and the chip input coupler are not 100% efficient, which results in stray light on the chip. In
order to minimize the influence of the stray light, the output waveguides and the detector array are positioned 90°
from the input to minimize unwanted background light. The output waveguides have the same inverted taper as
the input waveguide. These enlarged modes have a smaller divergence angle compared to a normal waveguide,
which allows for a larger distance (<~500 um) between the chip outputs and the detector array. This distance
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ensures no collision risk exists during the auto-alignment process (only the chip is moving during an auto-alignment
process.).
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Fig. 1. (a) Optical system design. Both the input and output ports have no contact with the lens nor the detector array during
the auto-alignment process. (b) Simulated input coupling efficiency.

OVERALL SYSTEM DESIGN

The full setup (except the laser source) is shown in Fig. 2 (a). It includes the alighment stages, stages control system,
chip temperature control system, microfluidics system, 16 channel ADC system for signal readout, and a PC.

The alignment stages are shown in Fig. 2 (b). The input fiber, lens system, and the detector array (Hamamatsu,
S4111-16Q with custom designed transimpedance amplifier array pcb) are mounted on two manual stages
(Newport, MODEL: 9082-M). The manual stages are used during the first calibration alignment with the first chip.
The chip is positioned in a chip holder on a 3-axis motorized stage (Thorlabs, MAX383/M - 3-Axis NanoMax Stage
with custom built control system based on an Arduino Uno and 3 micro stepper drivers) for auto-alignment. The
chip holder is shown in Fig. 2(c). The chip is inserted into the holder from the bottom left to the direction of the
detector array. The chip holder has spring-based mechanical stops and clamps to hold the chip during sensing. At
the bottom of the holder, a Peltier element with thermocouple is used for chip temperature control (custom built
system using an Arduino Mega and Digilent Pmod AD5 ADC).

Input fiber port

Detector array

Chip_
i

Input lens
system

(lhip holder

(a) (b) (©)

Fig. 2. (a) The full photonic chip based biosensing system is on a small trolly (except the laser source). (b) Solidworks model of
the alignment stages. (c) Solidworks model around the chip area.

ALIGNMENT PROCESS

The alignment process has two main steps, namely, passive alignment and active alignment. The passive alignment
consists of sliding the chip towards the mechanical stops in the chip holder. The alignment accuracy in this step is
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limited by the outer dimensions of the chip, which are typically in the order of ~20-30 um. The beam waist of the
input light is ~5.5 um, which is much smaller than the passive alignment error. This means normally a 2D scan is
needed for the active alignment. However, a 2D scan is time consuming. Our approach is defocusing the input fiber
to increase the spot size of the fiber on the end facet of the chip. This allows for more tolerant (albeit less efficient)
coupling, thereby ensuring that a position where some light is coupled into the chips is always found. This limits the
number of scans to 6 or 3 linear scans as shown in Fig. 3.

Prior to the scans, the chip is moved 300 um in the negative y direction to defocus the input light. This distance
ensures the beam size on the chip facet is bigger than the typical passive alignment error mentioned above. Scan 1
(x), and 2 (z) are in the directions perpendicular to the input light propagation direction. The stage will move to the
position of maximum intensity after the scan. The FWHM in these scans is significantly larger than the beam waist
due to the defocused light. Scan 3 (y), is along the light propagation direction to find the focus. In principle, this
should bring the chip to the best aligned position. However, in practice, we notice some angle between the y axis
and the light propagation direction in our setup. Thus, we must repeat the three scans in a smaller range to reach
the best coupling position. Scans 4 to 6 may be eliminated in the future with a better alignment between the stage
y axis and the input light propagation direction.

FWEHM: N =3 s EWHM:
~35 um ] ~5 um

FwHM: [ FWHM:

16+ 4 i LR &

~25 um - ~7 um : {1 T i
o . . - — - ; ’ ¥ 4 1
‘. f

‘<

B

Fs

|51

FWHM: F, %

~130 pn s
I
|

Input

Fig. 3. The active alignment scans and a microscope image of the aligned chip. The y axis of the scans is the average readout
from all 16 channels.

CONCLUSIONS AND OUTLOOKS

In this study, we have demonstrated a system capable of performing optical waveguide based biosensing outside a
lab environment. The fully automatic alignment process is repeatable, reliable and can easily be used with minimal
training.. The alignment speed of the system could be further improved by optimizing the driving software and
reducing the angle error between the stage y axis and the input light propagation direction. A cartridge could be
introduced to prevent the user to work directly with the bare chip.
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Delay-based Photonic reservoir computing schemes offer fast, efficient and well performing
options to implement machine learning techniques into hardware. So far, most of these time-
multiplexing implementations still rely on electronics for digital post-processing of the output
signal. We propose the implementation of an integrated all-optical readout layer for time-
multiplexed reservoir computing. Our scheme promotes the potential of such all-optical
systems for neuromorphic processors at GHz range and beyond.
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INTRODUCTION

Analog machine learning implementations offer promising opportunities to overcome the limitations of conventional
computing. Therefore, an increasing amount of research has been directed to combine brain-inspired concepts with
the advantages that computing with light offers. Photonic integration represents one of the biggest challenges
towards wider applications. Reservoir computing (RC) [1] is one of the most promising schemes for hardware
implementations. RC represents a conceptually simple, yet powerful method to train recurrent neural networks that
do not require an optimization of the links between the input and the networks, and, among the network nodes’.
This simplification allows reducing hardware complexity drastically and focusing on the optimization of only the
output weights. RC is a method suitable for processing sequential data and there exist multiple electronic and
photonic implementations that demonstrate excellence performance for time series prediction tasks. So far, in most
of these hardware implementations, the output information is digitally post-processed, saving the output and
applying the weighting and sum needed for RC offline, losing the fast real-time analog optical computation
capabilities. Here, we propose an integrated readout layer for a photonic implementation of RC, which will be able
to apply the weights and the summation in the optical analog domain and will allow for low latency and ultrafast
real-time processing. We target the design of a readout layer suitable for delay-based reservoir computers. Delay-
based reservoir computing is based on a single hardware node and a feedback delay loop [2]. The scheme and the
steps of its functional operation are depicted in Fig. 1 and described in the following paragraph.

Firstly, in step 0, we use double modulation to create a different representation of each input by applying a random
mask, m(t), repeated for every value of the input s(t). In step 1, we can appreciate the different states of the network’s
nodes over time, x;(t), with i denoting the different (virtual) nodes. The virtual nodes are separated by a time step
0, corresponding to an input period T = N*9, with N being the total number of nodes. In step 2, we apply the weights
to each node, e.g. by an amplitude modulation. Ultimately, in step 3, we apply an appropriate specific delay to each
temporal node, in order to couple all the network nodes’ relative to the same input k.

STEPO STEP 1 STEP 2 STEP 3
N
x,(t) ———— o,(t) = w(t) x,(t) — 0(k) = Z 0i[t — (N = D)9]
) l ' i
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Modulation

Ll ———

xoy Advanced analog PIC readout

Fig. 1 Fundamental scheme of a delay-based reservoir network. Step 0) the input pre-processing. Step 1) The operation of the
reservoir. Step 2) The output weights with an amplitude modulation. Step 3) Summation of the network nodes’ contribution.
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Fig. 2: a) Simplified scheme of the integrated optical readout layer. b) Optical signal flow of three inputs (orange, blue and
yellow) over each branch after the delay line stage. We define a time slot (blue background) that correspond to the superposition
of the virtual nodes. c) The real design of the 16 nodes integrated optical readout layer.

INTEGRATED CIRCUIT AND SYSTEM

Photonic integrated neural networks promise ultrahigh bandwidth, low power consumption and the inherent
parallelism of light computation. Different schemes of integrated time-delay reservoir computing have been
demonstrated, exploiting numerically the internal dynamics of micro-ring resonators [3] or experimentally a
semiconductor laser, both, with and without an external feedback loop [4]. However, all these implementations
require a digital post-processing of the output signal. Integrated photonics has reached a maturity level where
different passive component can be designed to address the functionalities required by the machine learning
techniques. In Fig. 2(a) we depict a simplified scheme of the building blocks required to perform, in real time, the
operation of weighting and sum of the output signal for a delay-based reservoir (4 virtual nodes). The optical analog
readout is composed of an amplitude modulator, used to apply the trained optical weight, a cascaded stage of
multimode interferometer (MMI), utilized as splitting and combining stage, and delay lines to combine in time the
delayed virtual nodes. In addition, phase shifters have been introduced for both matching the phase of the incoming
signal for coherent summation in the combining stage and/or applying the weights in the phase domain. In Fig. 2(b)
we are zooming into the optical signal after the delay lines of the scheme proposed in Fig. 2(a). The output signal is
splitin the various branches characterized by a delay line given by multiples of 9 resulting in a temporal superposition
of the various nodes in the time slot highlighted in blue. In Fig. 2(c) we show the designed integrated optical readout
circuit optimized for combining 16 virtual nodes with a time separation 9 = 30 ps. In this first implementation, the
optical weight will be applied with an external amplitude modulator at an operating frequency f = 1/9 ~ 33 GHz,
thus, supporting an input data rate of around 2 Gbit/s. The optical weighted signal is, then, injected in the circuit
through edge couplers. A cascaded stage of 1x2 MMls will split the signal in the delay line branches which will delay
the various paths by multiples of 30 ps. Afterwards, phase shifters have been introduced to phase match the various
tracks before entering in the optical combining stage of cascaded MMlIs. Phase matching is an important condition
to respect in case we deal with coherent input sources. However, the circuit topology can operate with incoherent
sources at the cost of extra losses. In conclusion, all the components used for the design are available in the process
design kit of most of the foundries, aiming for a good reproducibility.

SIMULATION AND RESULTS

To evaluate the performance of the introduced readout layer, we exploit a 3-bit-header recognition task, fed with a
sequence of binary inputs (bits). The task is to classify the last three input signals towards eight different classes. The
here simulated delay-based reservoir can be implemented with a Mach-Zehnder modulator for the non-linearity and
an optical fiber for the delay. The dynamics of this setup are described by the lkeda-equation [5]:
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x(t) = —x(t) + Bsin®(x(t — ©) + y5;,(t) + b) ¢))

where B = 0.77 is the feedback gain, y = 1.53 is the input gain, b = 2.64 is the phase offset of the sine-square non-
linearity. The input period is defined by T = N*3§, where N = 16 is the number of nodes and 9 = 1 is the normalized
temporal separation of the virtual nodes. The delay t of the reservoir is set equal to the input period T. For the double
modulation we use a random mask with values drawn from a uniform distribution u[0,1]. During the readout,
Gaussian noise is added with an amplitude 1073, Fig. 3 depicts several steps of the signal processing using a delay-
based reservoir with the proposed integrated readout layer. In Fig.3(a), we show the input signal for the 3-bit header
recognition task. Each bit is double modulated by the same mask m(t) and presented to the reservoir for a normalized
input time T=16. In Fig.3(b), we display the response of the reservoir for the 10 consecutive input bits. The reservoir
output is multiplied by the learned output weights w(t) resulting in the weighted signal shown in c). The weighted
states w(t)x(t) enter the simulated integrated PIC and the nodes states are summed up to generate the continuous
output signal 6(t). Negative phase weights can be set by applying a it shift with the integrated thermal phase shifters
in the PIC, surrounded with deep trenches to maximize the efficiency. Fig.3(e) shows the output sampled signal after
summation, that indicates the reservoir prediction d(k) with respect the targeted signal (k). For this example, we
obtain a bit error rate of 0.004, in line with the state of the art of Reservoir for 16 nodes.
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Fig. 3 Several steps in the signal processing using a delay-based reservoir and the proposed integrated optical readout layer.

a) the input signal for a 3-bit-header recognition task. b) The reservoir response for 10 consecutive bits. c) The weighted states. d)
The PIC output. e) The targeted signal (blue) and the reservoir prediction (orange).

DISCUSSION AND OUTLOOKS

The results based on numerical simulation show that the PIC readout supports the performance of the reservoir
enabling real-time, low latency signal processing beyond GHz range. Future studies will focus on improving the
scalability limited by the modulation bandwidth. Further improvements will be dedicated to replacing thermal phase
shifters with optical MEMS or phase change materials to minimize power consumption.

Acknowledgements: Authors acknowledge the support of the European Union’s Horizon 2020 research and
innovation program under the Marie Sklodowska-Curie grant agreement No 860830 (POST DIGITAL).
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A dynamic labelling technique for biosensing to be used in integrated optics with microring
resonators is proposed. Analyte concentrations can be evaluated labelling the biomolecules
with magnetic nanoparticles that are activated by time varying magnetic fields. The
interrogation system extracts the information within few seconds and with a Limit of
Detection improved by two orders of magnitude with respect the classical resonance tracking
technique, tested on the same chip.
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INTRODUCTION

Biosensing in integrated optics is a wide topic expected to increase its market potential in the near future and many
platforms are evolving bringing improvement in performances such sensitivity, selectivity and reliability.
Interferometric strategies, such with Mach-Zehnder interferometers and microring resonators (MRR), are showing
a high technology readiness level [1]. The basic working principle is based on changing the refractive index of the
waveguide cladding by binding molecules or nanoparticles on the chip surface. Changing the effective refractive
index neft seen by the electromagnetic field affects its phase during light propagation, allowing to detect the
biochemical modification by means of the interferometric scheme. A strong constrain to diagnostic applications is
the time required for the molecular recognition and binding event to happen, that can be from some minutes to
several hours depending on the molecular affinity between the analyte and the complementary receptor on the
sensor and on the number of needed binding steps. Plus, the typical strategy [2] to quantify the analyte
concentration with MRR consists in repeating transfer function scans (Figure 1a), from which the resonating
wavelength shifts of functionalized and control sensors are extracted and compared over time to obtain the
biomolecular recognition net shift (Figure 1b). To increase the effect, labels with large impact on the refractive index
can be used, in this way it is possible to differentiate from label-free and passively-labelled approaches. Label-free
assays are usually easier and faster but with a lower signal to noise ratio S/N, while labelled are more complex in
sample preparation and slower but show a better S/N. Mechanical, thermal and other sources of noise over long
times can hide the shifts, deteriorating the results at low concentrations. We conducted our tests on MRR with 60
base pair DNA strands and dextran-magnetite nanoparticles: following this classical technique the results (Figure
1c) show that the theoretical Limit of Detection (LOD) lays in the range 1-100nM for label-free and 0.1-1nM for
labelled measurements, lasting over 2.5 hours of continuous tracking.
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Fig. 1. Classical biosensing with MRR: a) transfer function repeatedly measured on sensing and control ring resonator; b)
biomolecular binding resonance wavelength net shift over the necessary long time quantify the molecular recognition process,
both with label-free and labelled approaches; c) analyte concentrations calibration curves, noise limits low concentration values

To overcome the issue of long-lasting measurements we propose a technique, named OptoMagnetic, that performs
an active dynamic labelling approach to extract the information hours or even days after the molecular binding has
happened, that requires no thermal stability, improves the limit of detection with respect of the classical method
(tested with the same SiPh chips) and requires from few minutes down to few seconds for the interrogation process.
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OPTOMAGNETIC CONCEPT

This method is meant to be performed after the molecular recognition already took place. The OptoMagnetic
technique exploits magnetic nanoparticles (MNP) as labels. An external magnetic field generates an attractive force
on the MNP, and the following displacement modifies the nefr, thus shifting the resonance. Instead of attracting the
MNP to speed up the binding process as in Ref. [3], with the use of an AC magnetic field the MNP oscillates between
two positions thus modulating the nefs in the cavity (Figure 2a). The periodically shifting resonance produces a
modulation of the output optical power which intensity depends on the transfer function slope and on the
resonance shift (Figure 2b) according to

_ 8T

APy = o

AX. (1)

The optimal working point corresponds to the maximum transfer function’s slope dT/dA, where the signal APo is
maximized (Figure 2c). The output optical power, read by a photodiode (PD), can then be demodulated with a lock-
in amplifier and together with the slope they are used to evaluate the resonance oscillation amplitude AA. This
parameter depends on the number of MNP bind to the cavity waveguide, related to the analyte concentration.
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Fig. 2. OptoMagnetic technique concept: a) an external AC magnetic field forces the oscillation of the MNP on the MRR
producing a ness modulation; b) the modulated resonance generates an oscillating optical power at the outputs, which intensity
depends on the resonance modulation intensity and on the transfer function slope; c) technique’s optimization suggests as
working point the maximum slope of the transfer function.

SETUP AND RESULTS

To perform the OptoMagnetic measurements we used the setup showed in Figure 3a. The SiPh chip features 14
MRR with integrated PD at each output, provided by STMicroelectronics. The chip is glued and wire-bonded on a
PCB to transfer the signals. The same PCB is used to mount and tightly fix a fluidic cell for liquid control, in Figure
3b. A detailed picture of the 80um diameter MRR with Input, Through, Add and Drop waveguides is showed in
Figure 3c. The 1550nm laser performs a wavelength ramp over a FSR of the MRR. The Through and Drop PD signals
are amplified, then subtracted to maximize the slope dT/dA and the signal is brought to a lock-in amplifier. The
signal generator drives at 80Hz the electromagnet placed under the chip and it is used as reference for the lock-in
amplifier, which is devoted to demodulate the harmonics of the PD signal, with a bandwidth filter set to 5Hz.
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Fig. 3. OptoMagnetic technique setup: laser, chip with fluidic cell, electronics to subtract Through and Drop signals, signal
generator with electromagnet under the MRR and lock-in amplifier; b) PCB holding the wire-bonded SiPh chip and the fluidic
cell; c) detail of the 80um diameter MRR.
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The described setup is meant to perform measurements as showed in Figure 4a. The FSR laser scan allows to acquire
the demodulator output Vgem and the transfer function of the MRR, from which the slope dV/dA is calculated.
According to Equation (1), dividing these two quantities we extract the oscillation of the resonance wavelength AA.
Repeating the process for different concentration and for both sensing and control MRR, we obtain a calibration
curve indicating the relation between resonance oscillation magnitude and DNA concentration in the sample, Figure
4b. The reference measurements show an average wavelength shift u=250fm and a standard deviation 6=175fm,
and the LOD is expected to be in the range 10-100pM, at least one order of magnitude better than the classical
technique. At a 10pm/s rate the scan will last from 1 up to 4 minutes, depending on the range of interest. At the
lowest tested concentration of 10pM, sensing and reference responses are undistinguishable due to the low Vdem.

To improve the S/N ratio on low concentration measurements it is possible to follow this procedure: first perform
a fast scan (a commercially available tunable laser source works at several nm/s) to extract the transfer function
slope dV/dA, then set the laser at the optimal working point (i.e. maximum slope), set the demodulator filter
bandwidth to a smaller value (e.g. 0.1Hz) and finally switch on the AC magnetic field for few seconds to acquire the
better filtered Vdem. The clean On-Off signals in Figure 4c, obtained with this procedure for 10pM DNA
concentration, show a relevant difference between sensing and reference sensors. Over a 10s window on the
plateau, the measurements return an average shift of psens=55.5fm and a standard deviation Osens=0.6fm for the
sensing and prer=12.3fm orer=0.35fm for the reference, indicating that we can still easily distinguish between the
functionalized and the control sensors. Due to the low standard deviation, the limiting factor is represented by the
reference signal, probably arising from residual free-floating MNP in the fluidic cell and electronic disturbances
caused by the nearby electromagnet. A statistical crossing point between signal and reference should be below the
lowest tested concentration of 10pM, pushing the LOD even lower by at least another order of magnitude.
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Fig.4. OptoMagnetic labelling results: a) typical scan with transfer function (no scale), its calculated slope and the demodulated
signal from which the b) wavelength oscillation amplitudes are calculated for sensing and control sensors at different analyte
concentrations; c) On-Off signal with narrow filtering to improve S/N at lower concentrations, here 10pM.

CONCLUSION

Biosensing and diagnostics with MRR is possible and already commercially available [4]. However, the classical
resonance tracking technique requires high stability during the long biomolecular recombination time and at low
analyte concentrations it becomes less reliable. To overcome the issue we propose the OptoMagnetic technique, a
method to read the result after the molecular binding occurred. In this way the molecular recognition and the
labelling process can be performed under the perfect biological conditions (e.g. shaking/stirring the sample, setting
optimal temperature and humidity, ...), without worrying about electrical or optical access. When the biomolecule-
label system is fully formed, a fast interrogation scheme extracts the needed information in few seconds and with
high precision. With an optimized biochemistry process and the high sensitivity technique, we can expect to
improve further the performances on refractive index based biosensing platforms.
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An optic-electronic-optic interferometer has an optical opaque processing arm. Within this
arm, the signal is coherently detected, electronically processed and re-modulated. We
present a receiver module for a hybrid integrated optic-electronic-optic interferometer setup.
Keywords: interferometer, coherent receiver, hybrid integration

INTRODUCTION

Conventional all optical Mach-Zehnder interferometer (MZl) split light into an optical reference path and an optical
processing path (Fig. 1 a)). Within the processing path, optical processing is applied before the arms are recombined
to superpose the light from both arms. Optical processing is limited to quite simple linear operations as attenuation
or phase shifting, which in turn limits the functionality of such conventional MZIs.

Reference Path

Optical % Coherent _ /o]
Processing
Modulator

Processing Receiver

Processing Path
a) Conventional Mach-Zehnder interferometer b) OEO-interferometer
Fig. 1 Comparison of interferometer types

In contrast, the processing path of an optic-electronic-optic interferometer (OEO-interferometer) is optically
opaque (Fig. 1 b)) [1]. A coherent receiver detects and converts the incoming light into the electronic domain. Digital
signal processing manipulates the signal. Finally, an |Q modulator converts the processed electronic signal back into
the optical domain. Due to the use of digital signal processing, the OEO-interferometer is flexible and nearly
arbitrary complex operations are available to process the signal. The reference path has to compensate for the
electronic digital signal processing (DSP) delay with an optical delay line. One particular use case is the subcarrier
extraction in an optical orthogonal frequency division multiplexed (OFDM) signal [1]. Fig. 2 shows a detailed
schematic of the OEO-interferometer for this use case.
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Fig. 2 Schematic OEO-interferometer (PS: power splitter; PC: power combiner; LP: low pass; LO: local oscillator;
AT: delay line; AWG: arbitrary waveform generator).

4 - 6 May 2022 - Milano, Italy - 23 European Conference on Integrated Optics

104



W.p.27
Q

In [2] a first experimental demonstration of an OEO-interferometer is presented using discrete components. Phase
stability is crucial in the setup to realize proper interferometric recombination of the reference light and the
modulated signal. Therefore, the goal of our work is to build a partially monolithically integrated OEO-
interferometer module for improved phase and polarization stability. This means integrating coherent
photodetector, IQ-MZM and LO on a chip. In this publication, we present an intermediate step, an interferometer
receiver module, for a hybrid-integrated fiber-connected OEO-interferometer setup, which only integrates the
coherent photodetector and the waveguide routing for the interferometer.

Optical Input

Interferometer Module

Reference Path

LO

TIA DSP

P

Optical Output

1IQ-MZM

Fig. 3 OEO-interferometer setup using the presented module

CHIP RESULTS

The presented interferometer chip (Fig. 3) was manufactured on the same InP platform as in [3]. It combines a
coherent photodetector and waveguide routing for the OEO-interferometer setup. The coherent photodetector
consists of an optical 90° hybrid, which is based on a 2x4 multimode interference coupler, and four photodiodes.
Since the compensation for the DSP delay would result in an optical delay line of several meters, the reference path
will be an off-chip fiber. In order to compensate for phase shifts within the off-chip reference path, a thermal phase
shifter is placed on the chip. Since the module will be used within a fiber-coupled setup, the processed chip
comprises single mode fiber spot size converters as optical interfaces. Fig. 3 shows the configurations of these
interfaces in an OEO-interferometer setup and an image of the processed chip.
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Fig. 4 Chip responsivity measurement

Fig. 4 shows a responsivity measurement of the coherent photodetector on the chip for the entire C- and L-band
before assembly. It shows the results for TE polarized input light. The dashed lines refer to measurements optical
interface 1 (Fig. 3) whereas the other refer to measurements using optical interface 3 (Fig. 3). The results show the
center wavelength of the coherent photodetector is around 1550 nm as desired.
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MODULE RESULTS

The assembled module setup consists of a module housing placed on an evaluation board (Fig. 5 b)). For the
packaging a generic housing from the EU project PIXAPP has been used. Within the housing, an eight-channel fiber
array is optically coupled to the facets of the chip. The interferometer chip and a TIA are placed on a ceramic
substrate and the TIA is electrically connected via wire bonds to the pads of the coherent receiver part. DC and RF
pads of the TIA are electrically connected with the corresponding connections of the housing. Within the setup in
Fig. 3, the module serves as both the receiver part, which converts the optical signal into the electrical domain and
the basis of the optical network of the OEO-interferometer setup optically connecting all components of the OEO-
interferometer.

After assembling, a heterodyne bandwidth measurement of the module was performed using an electrical
spectrum analyzer (ESA) (Fig. 5 a)). The presented results are for TE polarized input light. As seen in Fig. 5 a), the
results of channel 1 to 3 agree well whereas channel 2 shows a different behavior for the measured frequencies.

-30 ke oS ; T

Power ESA [dBm)

-34
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Fig. 5 a) Bandwidth measurement of all four channels of the assembled module; b) Assembled module with evaluation board

DISCUSSION

The presented OEO-interferometer module will be used within a fiber-connected hybrid setup together with an
external IQ-MZM, an external laser source and a FPGA board (Fig. 3) to experimentally show the functionality of the
hybrid integrated OEO-interferometer setup.

Further iterations of the module are planned with the final goal to present a monolithically integrated OEO
interferometer module, monolithically integrating a coherent photodetector, an IQ MZM and a tuneable LO.

Acknowledgements: This work was funded by the Deutsche Forschungsgemeinschaft (DFG) within the SPP 2111
INTERFERE project.
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Transparent photodetectors are fundamental components to unlock the potential of Silicon
Photonics. This work presents an improved version of the CLIPP sensor, which shows a
sensitivity unprecedented for this class of detectors, yet featuring a smaller footprint with
respect to the traditional approach. A differential readout strategy is also discussed, allowing
to reject thermal common-mode spurious effects.

Keywords: Transparent sensor, differential readout, Silicon Photonics, CLIPP

INTRODUCTION

Silicon Photonics is a promising technology to solve the power and bandwidth limitations imposed by traditional
electronic interconnections. However, fabrication tolerances and the high thermo-optic coefficient of silicon has
hindered the use of this technology in real-world applications. To solve this issue, it is necessary to develop control
strategies to stabilize the working point of each device of interest. Integrated photodetectors are the key elements
that enable this approach, allowing to locally monitor the photonic functionality. Transparent sensors are a
promising class of on-chip detectors, since they introduce virtually zero losses and so they can be employed in many
different points of the circuit without affecting the optical power budget. A transparent sensor developed in recent
years is the Contact-Less Integrated Photonic Probe (CLIPP), that detects the optical power in the waveguide by
measuring the light-induced conductance variations of the core [1]. In this paper, an enhanced version of the CLIPP
is presented, that allows to reach record-high sensitivity for transparent detectors. A differential sensing approach
is also shown, in order to reduce the dependency of the sensor on the global temperature and crosstalk
phenomena.

CLIPP ELECTRICAL MODEL

The CLIPP sensor probes the conductance of the waveguide core in order to assess the quantity of light circulating
inside the chip. To do so in a non-perturbative way, a direct contact to the waveguide is avoided and a capacitive
access is preferred. To this aim, two metal pads are fabricated on top of the waveguide, typically around 700 nm
from the core. The conductance measurement is then performed by stimulating one electrode (force) with an AC
voltage and by collecting the resulting current with the other (sense), connected to a transimpedance amplifier
(TIA). The equivalent electrical model of the sensor is depicted in fig. 1(a). The access capacitance C, comes from
the electrical coupling between the metal pads and the waveguide, while Rwg is the resistance of the portion of the
core between the two electrodes. The two CLIPP pads are also connected by a direct stray capacitance, indicated
as Cg, due to the coupling between the electrodes and the interconnections towards the electronic stimulation and
readout system. This capacitance can range from few fF to hundreds of fF, depending on the strategies adopted to
reduce its effect [2]. Another parasitic path of the sensor comes from the conductive silicon substrate of the
photonic chip. Indeed, similarly to what happens with the waveguide, the pads of the CLIPP allow to probe the
substrate resistance Rsyg through the capacitance Cs. Considering a box oxide thickness tgox of 2 um, the value of Cg
is in the order of 15 fF, similar to Ca.

CLIPP SENSOR WITH ENHANCED SENSITIVITY
The information probed by the CLIPP is the variation of the core electrical conductance. This can be expressed as:
1 hW hW  Ap
Gwe =R—WG=QﬂP -~ Abwe=qulp —/—= ) Gwe

where q is the electron charge, u is the mobility of the carrier, p is the native doping of the waveguide (typically
1075 cm?3), h, W and L the height, width and length of the waveguide. It is possible to notice that if the dark
conductance gets larger, its light-induced variations get larger as well. Consequently, any effort in increasing the
waveguide conductance is directly mirrored in an increase of the sensitivity of the system. While the height, the
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width and the doping of the waveguide are fixed by the technology, the length is only fixed by the distance between
the two electrodes, which can be arbitrarily chosen in the design phase. This means that a shorter CLIPP can
simultaneously achieve a better resolution while reducing its footprint. The only limitation comes from the fact that
Rwe sets the access frequency for probing the core of the waveguide. Indeed, to properly bypass the access

capacitance, the stimulation frequency should be around 10 times bigger than the access frequency set by the %A :

Ry product. A high working frequency makes the readout more complex to handle and can ultimately worsen the
sensitivity of the system [3]. To reduce Rws While maintaining a low operating frequency, it’s then necessary to
increase the access capacitance as much as possible. While increasing the pads dimension is not a feasible approach,
a possible solution comes from the use of rib waveguides. Indeed, the additional slabs can be used to increase the
coupling area between the waveguide and the electric pads, leading to a bigger access capacitance. The layout of
this improved CLIPP sensor is sketched in fig. 1(b) and fig. 1(c). Adiabatic transitions between the rib and the
standard waveguides are realized in order to minimize the losses introduced. In fig. 1(d) a picture of the fabricated
device in AMF passive technology is shown. The measured sensitivity is reported in fig. 1(e), showing how the short
CLIPP is able to measure light signals down to -50 dBm, a 10-fold improvement with respect to standard CLIPP
detectors [1], outperforming the resolution of other transparent sensors found in literature [4,5].
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Fig. 1. a) Equivalent electrical model of the CLIPP. b) Cross-section and c) top view of the proposed layout. d) Microscope
photograph of the fabricated sensor. e) Sensitivity curves of a standard (in orange) and a short CLIPP (in blue).

DIFFERENTIAL CLIPP

The mode of operation of the CLIPP sensor, although effective, can be improved by addressing two specific aspects.
First, when an optical signal is injected into the photonic chip, especially through grating couplers, a fraction of the
light fails to couple to the waveguide and scatters in the cladding oxide and chip substrate. This signal is detected
by the CLIPP, through the Cg-Rsys path, and it cannot be differentiated from the information of interest. As a result,
crosstalk effects are observed between CLIPPs on different waveguides. Another issue comes from the fact that the
light-induced conductance changes are superimposed to the dark conductance of the waveguide, that also depends
on the local chip temperature. Any temperature variations during the operation of the CLIPP are therefore
indistinguishable from light signals.

To reduce this parasitic contributions, some technological strategies can be employed. For instance, in order to
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reduce the substrate effect, one could employ a photonic platform with thick box oxide or insulating substrate.
Instead, to reduce the thermal crosstalk, the use of deep trenches could be exploited to thermally isolate the CLIPPs,
since the largest temperature variations are usually caused by integrated heaters. Nonetheless, it's possible to
envision a topological improvement of the CLIPP in order to reduce these issues regardless of the technology. The
proposed solution here relies on the use of a dummy sensor on a blind waveguide that can be exploited to measure
all the phenomena that are not light-induced, as sketched in fig. 2(a). By reading just the difference between the
active CLIPP sensor and the dummy, only the information about the light is retained. This operation can be
automatically done by connecting one electrode of the two CLIPPs together to the virtual ground of the readout TIA
and by stimulating the others with two signals in counter-phase. In this way, any signal in common between the
two devices is steered away from the virtual ground and does not contribute to create a signal at the output of the
TIA.

A differential square CLIPP was thus designed and fabricated. To verify its effectiveness, a first experiments was
conducted, in order to compare the CLIPP crosstalk between a standard and a differential device. To do so, a 5 dBm
input signal was coupled into a waveguide and a CLIPP integrated in a different place was then read, first in a single-
ended way and then differentially. Fig. 2(b) shows the measured variation of the conductance in the two cases,
highlighting how the differential readout allows to strongly reduce the crosstalk effect.

To evaluate the robustness of the differential CLIPP to temperature variations, another experiment was conducted.
No light was injected into the system, and the global temperature of the photonic chip was changed with an external
thermo-electric cooler. The same device was once again measured both in a single-ended way and differentially.
Fig. 2(c) shows that the differential approach allows to reduce of a factor 8 the sensitivity of the CLIPP also to
temperature variations, increasing the reliability of the sensor without requiring any calibration.

3——— " 800 =
—Single ended —_ —Single ended
active sensor g 2 5 —Differential (Q& — Differential
§ 2 5 600
B! ks
g 1.5 laser off laser on @
>
g g
8 5
= 3} °
0.5~ <]
32 2 200
dummy sensor s 0 g
o o
(@) s EEEEE ) ) ‘ ©
’ 100 200 300 400 500 0 10 20 30 40 50
Time [ms] Temperature variation [°C]

Fig. 2. a) Top view of the proposed differential readout scheme. b) Comparison of the crosstalk and c) the temperature
dependence between single-ended and differential readout of the CLIPP.

CONCLUSIONS

Transparent detectors are key elements to enable closed-loop control of dense photonic circuits. An enhanced
CLIPP sensor was here presented, that reaches an unprecedented sensitivity for transparent detectors with a
smaller footprint compared to the standard structure. This result is further improved with the introduction of a
differential readout scheme, that allows to reject the thermally-induced dark conductance variations and the cross-
talk effects without requiring calibrations. The improved detector can be used to accurately and robustly monitor
the operations of arbitrarily complex photonic systems, enabling new relevant architectures and applications.
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We present a novel photonic time-delay reservoir computing architecture based on an
asymmetric reconfigurable Mach-Zehnder interferometer. Our simulation results show
excellent performance on benchmark tasks such as NARMA10. We also explore a novel
energy-efficient technique for reconfiguring the memory capacity of the system through
coupling modulation, which may find application for performing tasks with different memory
requirements using the same system, thus reducing complexity and footprint.
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INTRODUCTION

The ever-growing computational demands in deep learning applications call for a paradigm shift in information
processing. Reservoir computing aims to perform computations in an intertwined, brain-inspired manner, in
contrast to traditional Von Neumann architectures. Due to the presence of feedback connections between the
nodes, reservoir computing is especially well-suited to solve tasks which require the knowledge of previous inputs,
such as time series prediction, speech recognition, and temporal bitwise operations [1]. Through a nonlinear,
dynamical system (i.e., reservoir), the input is mapped onto a higher dimensional state space which can then be
spatially and/or temporally sampled. The rich dynamics of the output response allows to solve non-linear, memory-
dependent tasks through a linear combination of the read-out responses with output weights obtained by linear
regression methods. Fortunately, only the output weights need be considered for training; the input weights, and
internal weights of the reservoir, which constitute the connection strengths between the different nodes, are set
and fixed to values which depend on the desired dynamical operating point and fabrication requirements of the
system. Recently, it has become of great interest to implement reservoir computing architectures on photonic
integrated circuits (PICs) thanks to their improved performance compared to electronic approaches in terms of
power consumption and speed [2, 3]. Time-delay reservoir computing (TDRC) offers a footprint-friendly solution,
requiring only a single physical non-linear node with feedback. The feedback line is sampled N times in the span of
one input bit, such that the N samples can thus be viewed as the responses of N “virtual” nodes. A weighted linear
combination of the output over every N samples constitutes one prediction made by the reservoir. In this work, we
demonstrate a novel photonic architecture based on an asymmetric Mach-Zehnder Interferometer (MZl) for TDRC
and suggest coupling modulation [4] as a means of reconfiguring the memory capacity of the system. This provides
a more energy-efficient approach compared to approaches introducing a feedback attenuation block where a
portion of the optical power is simply lost in the attenuation block rather than being re-routed to the read-out. Our
approach also allows to shift the resonance wavelength, fine tune the resonator coupling condition to compensate
for fabrication tolerances (e.g., to achieve critical coupling), and modify the memory capacity of the system with
only one reconfigurable MZI.

RESERVOIR ARCHITECTURE

The reservoir architecture is based on an asymmetric MZI formed by two 3dB directional couplers and different arm
lengths (1 mm and 3.88 mm) found through parametric sweeps, and a delay line, as shown in Fig. 1(a). In simulation,
this difference in arm lengths has been found to enhance the richness of the output response by increasing the
asynchronous character of the system i.e., the bit period versus the feedback loop duration. The bottom ports of
the MZI are connected to each other by a delay line of length 13.12 cm chosen to almost match the bit period (t =
1 ns), thus allowing direct coupling (without relying on light recycling) of the nearest neighboring input bits. This
architecture resembles an all-pass ring resonator, though the asymmetric MZI leads to different dynamics. In fact,
it allows for the light to effectively propagate and interfere in multiple optical cavities, formed between the MZI
arms and the feedback delay line. An integrated photonics platform based on thin-film lithium niobate on insulator
[5] was considered for simulations to set the parameters as in Fig. 1(b).
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The architecture is simulated using Photontorch [6] and trained on two well-known tasks in literature, first

introduced in [7]:

e the NARMA10 (10" order Nonlinear Auto-Regressive Moving Average) task, which is a discrete-time nonlinear
task with 10% order lag, and where the output series is generated through a recursive formula and the input is
drawn from a uniform distribution. Due to non-linearity and long time lag, predicting the output of NARMA10
poses a challenge for classical computing systems

e the linear memory capacity task, which is a measure of how many past inputs the system can “remember”.

13.12 cm

Parameter Value
Ao 1.55 pm
ng 2.26
Nefr 221
Bitrate 1 Gbit/s
Sample rate 50 Gbit/s
— > —
Masked Input PD Output Waveguide loss 0.2 dB/cm
Coupler insertion loss 0.2 dB

(a) (b)

Fig. 1. (a) Asymmetric MZI-based reservoir; (b) Simulation parameters

TIME-SERIES PREDICTION
The 10" order NARMA (NARMA10) function is given by:

9
y[n + 1] = 0.3y[n] + 0.05y[n] Zy[n —i] + 1.5u[n]u[n — 9] + 0.1 (1)

i=0

where y[n] and u[n] are the function output and input values, respectively, at discrete timestep n. The
performance metric is the normalized mean square error (NMSE) between target and predicted values of the
function, whereby a value of 1 refers to a constant prediction of the average value (i.e., containing no prediction of
the function itself) and the desired value of 0 to a perfect prediction of the function. A training stream of 3000
samples is constructed from a uniform distribution of random numbers between 0 and 0.5. A mask based on
random numbers from a uniform distribution is generated and applied to each input sample for the sample holding
duration. This enables the reservoir to respond in a much richer way within the span of one input sample. In our
case, the mask length is equal to the number of virtual nodes (L), = N = 50). For validation, we used a different
stream of similar length to the training stream. The NMSE obtained for 50 nodes is 0.13, which is close to the
NARMA10 performance obtained in [8]. The non-linearity produced by the photodetector, by virtue of squaring the
optical field, proves to be sufficient for this kind of task. The prediction results, along with a study of the effect of
the number of virtual nodes on the NMSE, are shown in Fig.2.
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(a) (b)
Fig. 2. (a) Target and predicted values for 100 samples; (b) NMSE as a function of number of virtual nodes N
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TUNABLE MEMORY CAPACITY

The memory capacity M C;, of the system for an input shifted by k timesteps is given by:

e, = <00 = Kyl
o?(u[n)o?(yk[nD

where y, [n] is the prediction. In this task, the reservoir is trained to reconstruct the input u[n] from a time-shifted
version of it. An MC,of 1 means a perfect memory of the k-shifted input stream and 0 means the opposite. The

k=123,.. @)

linear memory capacity of the system is given by Z],:;"f" MCy, where k0 = N.

For a 2x2 MZI, changing the phase difference between the two arms changes the portion of total power exiting the
coupler at each port. In essence, one can view this as tuning the coupling to the resonator. By placing optical phase
shifters on the MZI arms, we can obtain different linear memory capacities of the system, as shown in Fig. 3(a). For
this task we used the same configuration and simulation parameters as shown in Fig. 1(b). The input stream was
constructed out of 500 random numbers within a uniform distribution between 0 and 1. To calculate MC}, at k =50

requires that at least the first 50 input points are removed.
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Fig. 3. (a) Memory capacity as a function of the phase difference between the MZI arms; (b) MZI power coupling coefficient (k?)
for different values of phase difference between its arms

The results obtained show a change in linear memory capacity from 17.5 to 6.2, with the minimum value occurring
around 22° and 180° phase shifts. This is analogous to changing the coupling coefficient of the all-pass resonator.
The power coupled as a function of the applied phase shift is shown by a frequency domain simulation of the
asymmetric MZl in Fig. 3(b). This approach allows the architecture to be adjusted for the optimal coupling coefficient
after fabrication and to choose a specific feedback attenuation, while at the same time also tuning the resonance
frequency. The power that is not coupled to the feedback delay line is routed to the read-out rather than being lost
as in standard configuration where an attenuation block is used. The proposed architecture allows using just one
active control element to achieve all these different functions and also takes into account fabrication tolerances,
which can heavily affect coupling gaps in ring resonators as used in previous architectures [3].

CONCLUSION

We have shown a novel photonic reservoir computing architecture based on an asymmetric MZI allowing
reconfigurable memory capacity at a system-level. Results show excellent performance on NARMA10 benchmark
task. Furthermore, a new way of tuning the memory capacity is demonstrated achieving almost a threefold change.
This could be used for training and optimizing a single system for tasks with different memory requirements.
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In the evolution of RF photonics, silicon photonics is an important enabling technology
providing high-performance devices. Here, we introduce key building blocks for a sub-THz
prototype wireless transmitter utilizing Tower’s PH18MA Silicon photonics platform including:
single-ring resonators, 10x5 array waveguide grating and Mach-Zehnder modulators.
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INTRODUCTION

Silicon Photonics (SiPh) technology is experiencing a rapid development in the past two decades, evolving to a mature
photonic integration platform hosting multiple key building blocks onto a single silicon chip. It is expected to become
an enabler for next-generation high-speed communications as well as sensor applications, such as light detection and
ranging (LIDAR). One of SiPh's strongest features is its compatibility with industrial CMOS to unlock photonic-
electronic convergence. Currently, a variety of SiPh technology platforms offer Multi-Project Wafer (MPW) services,
which enables cost-effective access to the foundry services. The first MPW runs were offered through the ePIXfab
service, which included IMEC and CEA-Leti foundries. TOWER Semiconductor, a silicon foundry specializing in Radio
Frequency and High-Performance Analog and CMOS technology, introduced photonics into its platform, which has
sparked high interest in RF Photonics applications.

Figure 1 depicts a schematic of the building blocks for a high-speed RF Photonics transmitter that is based on an
external Optical Frequency Comb (OFC) offering phase-locked and constant mode-spacing, a high-speed photodiode,
and a single SiPh chip as the key component of optical heterodyne RF Photonics transmission. The integrated
components on the SiPh chip are optical wavelength selectors, optical modulators, and wavelength combiners. In
this paper, we design and experimentally demonstrate the performance of SiPh key building blocks towards a
monolithically integrated optical heterodyne system including:

e Optical filters, based in micro-ring resonators (MRRs), offering high wavelength selectivity to isolate
individual wavelengths from an OFC, large free spectral ranges (FSRs) and high extinction ratios,

e Optical wavelength combiners, based on array waveguide grating (AWG) multiplexer/demultiplexer.

e Optical modulators, based on Mach-Zehnder Modulator (MZM) structures, which offer high-performance
optical modulation enabling higher-order modulation formats reaching 100Gb/s.
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Figure 1 — An lllustration of the sub-THz wireless transmitter featuring MRR-based filtering, an AWG wavelength multiplexing
and data modulation via MZM.
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The Photonic integrated circuits (PIL)s are integrated monolithically utiizing Tower’s PH18MA Silicon photonics
platform, which offers the 180 nm SOI process technology. The dimensions of the chips are 5 x 5 mm, resulting in an
extremely compact optical circuit. The tested building blocks from this MPW submission were created and optimized
using Synopsys OptoCompiler Platform and Photonic IC Design Flow.

DEVICE DESCRIPTIONS

Optical modulation and filtering are crucial functions in microwave photonics signal processing, important in optical
heterodyne generation [5]. Considering this application, we demonstrate silicon ring resonators with an FSR at 100
GHz and AWG-based wavelength multiplexing structure with 50 GHz channel spacing. A ring resonator-based
wavelength selector has a length of 713.8 um and a phase-shifter (PS) of 266.68 um on top of it, to ensure maximum
tunability of the FSR. In addition, the tested AWG structure has 10 inputs and 5 outputs, with each input introduced
in a phase shifter-based MZM, having a total length of 2000 um, utilizing the electro-optic effect. Hence, relying on
the plasma dispersion effect, the optical path can be altered via applied voltage. Also, grating couplers (GCs) of 18
um diameter and maximum coupling angle at 8° are used in all the inputs and the outputs of the structures.

0OSA

(a)

Optical PC output
optical | 227 o0
source :) ‘ @
RF amplifier 1 ) \ <
PRBS [—| >=. PD WER

RF source Sollles

Figure 2- lllustration of the a) Experimental setup for the passive and active characterization of single-ring resonators, AWG
and the MZM, respectively. b) single-MRR with GCs of 18 um diameter (left), and c) 10x5 AWG structure utilizing the same GCs.

EXPERIMENTAL RESULTS

We report the spectral responses of the optical filtering based on the single-ring resonator structure and of the AWG-
based multiplexing, operating in the C-band. Fig. 1(a) displays the characterization setup that has been deployed for
the passive and active characterization of the optical components. The recording transmission spectra of the silicon
RRs is recorded using an optical amplifier, Erbium-Doped Fiber Amplifier (EDFA) at the input and the Optical Spectrum
Analyzer (OSA) to detect the spectral response at the drop port. Light is coupled and measured on the MRR structure
through lensed fibers of 5 um spot size in both input/output GCs. For the characterization of AWG structure, we
conducted a die-scale test. The chip is placed on a copper chuck under temperature control close to 232C. The optical
testing was done manually using an 82 angled facet fiber array with a pitch of 250 um. The fiber array is placed on a
custom angled fiber array holder and mounted on a set of translation stages to form a 5-axis translation stage system.

Both of the spectral responses can be observed in Fig. 3(a). The response shaping of the micro-ring resonator at the
drop port shows that the FSR is around 97 GHz, very close to the simulation value of 100 GHz. Also, the through
transmission spectra of the resonator is measured and is reconciled well with the drop port. At the resonance
wavelength of 1.55 um, the following key parameters have been calculated for the assessment of MRR-based filters:
FWHM is equal to 0.18 nm, the -3dB bandwidth is 16 GHz (0.1283 nm) and the Q-factor is 8.61-103. In the following
step, the optical response of the AWG is measured for the two input center channels. Thus, measuring the response
of the AWG's input centered channels 3 and 8, the maximum output optical power can be obtained from the center
channel 3 at the output. As we can see in Fig. 3(a), there is a repetitive response from both of the channels with FSR
of 463.5 GHz. Also, the channel spacing between channel 3 and 8 is 225 GHz, and the FWHM is 0.28 nm, which both
are in good agreement with the simulated values. The generated side modes of each individual channel are caused
probably from the internal reflections between GCs and AWG input/output and the chip facet. Therefore, it’s under
investigation to define precisely the origin of the noise between the resonant responses. Additionally, crosstalk
between the waveguides can affect the performance, which depends on the quality of the fabrication process, device
size, channels number and spacing, etc. However, waveguide fabrication imperfections are mainly responsible for
the crosstalk increase.
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Next, the electro-optic modulation response or the IVIiZIVI Is measured. Since the modulator has lumped electrodes
as contact pads, a DC probe needles were used for RF signal injection. This is the reason why, as shown in Figure 3
(b), only a maximum data rate of 4 Gbit/s was successfully transmitted. For the testing of the MZM, 1550 nm light is
coupled from an optical source of 10 dBm optical power into the GC. The MZM optical transmission response is
captured by sweeping the DC voltage injected into one of the MZM arms from 0 to -14 V. We have recorded a RF t
voltage (Vr) that is equal to -9 V and the quadrature transmission point at -3.6 V. Considering this, the voltage—length
product is calculated at 1.8 V-cm, for a 2 mm modulation length. For the data transmission test, pseudo-random bit
sequence (PRBS) with a length of 27-1 was used as the driving signal followed by an RF amplifier. The modulator is
biased at quadrature transmission point. The optical output signal is amplified up to 10 dBm with an EDFA and then
is detected by a single-ended photodiode (PD). Finally, a bit-error rate tester (BERT) is used for BER computing and
eye-diagram analysis. The recorded eye-diagrams are shown in Fig. 3(b) for data rates of 1.5, 3, 4 and 4.5 Gbps. By
optimizing the design of the MZM and by using traveling-wave electrodes instead of lumped electrodes, higher data
rates can be achieved.
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Figure 3 - a) Transmission spectra of the single-MRR at the drop port and of the AWG from the filtered center channels 3 and 8.
b) Eye diagrams measured at a received power of -45 dBm for (i) 1.5 Gbps, (ii) 3 Gbps, (iii) 4 Gbps and (iv) 4.5 Gbps data
transmission.
DISCUSSION

We have demonstrated a sub-THz wireless transmitter, achieving transmission data up to 4 Gbps. Monolithically
integrated elements have recorded an FSR of almost 100 GHz from a micro-RR and a 225 GHz spacing between the
AWG's center input channels. The reported performance of these building blocks proves that a complete optical
processing fully-functional system can be miniaturized on-chip on the silicon platform.
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Photonic integrated solutions for signal switching and multiplexing in optical transport
networks offer large bandwidth of operation, reduced costs and footprint, as well as low
power consumption. In this context, we propose an architecture for a scalable and modular
integrated wavelength-selective switch, operating on the S+C+L transmission windows.
Keywords: WSS, Photonic Integrated Circuits, WDM, Switching, Multi-Band.

INTRODUCTION

Today’s optical transmission landscape is seeing a rapid increase in resource demand, due to bandwidth-intensive
applications, emerging standards, such as 5G, as well as the expansion of the Internet-of-Things (IoT) paradigm. This
requires an expansion of the current optical network infrastructure and capability, accommodating the increasing
demand [1]. From the network operator standpoint, two main solutions are available: new infrastructure can be
deployed, which represents the expensive solution, or the residual capacity of the existing network can be exploited
through multi-band paradigms, which represents the more cost-effective solution [2].

To achieve the full utilization of the remaining available fiber spectrum, new technologies such as Band-Division
Multiplexing (BDM) must be enabled on top of the already existing Wavelength-Division Multiplexing (WDM) based
network. This requires switching and filtering elements suited for an ultra-wide bandwidth of operation, allowing
consistent performances in the whole needed spectrum. For this purpose, photonic integrated circuits (PICs)
represent an ideal solution, as they provide a large bandwidth of operation while maintaining low footprint, cost,
and power consumption. To this end, we propose a fully integrated modular wavelength-selective switch (WSS),
able to independently route each of the input signal channels towards the desired output port, operating on the
S+C+L optical transmission windows.

Wavelength-selective switch architecture

The proposed WSS architecture achieves conflict-avoidance independent routing of the input channel by separating
the switching and filtering operations into multiple stages, which are then cascaded into the desired configuration.
This ensures the aforementioned modularity and scalability of the structure, as the design of each sub-stage can be
tailored to the target implementation scenario.

The general structure of the proposed architecture can be seen in Fig.1a; in the first section the three bands of
operation are filtered and routed to their respective channel filtering stage, which extracts the individual channels
of the input WDM comb (Fig.1b). After the channel separation, each signal is then routed by an independent 1xN
switching network, implemented as a cascade of fundamental 1x2 Optical Switching Elements (OSEs), depicted in
Fig.1c. After the switching section, an interconnect crossing stage links the output of the switches to their target
output fiber.

For our analysis, we designed and simulated the device through the Synopsys Photonic Circuit Design Suite,
considering a target implementation with 30 total channels (10 channels per band), with 3 possible output fibers.
The simulation and design of the components have been carried out through different methods, ranging from BPM,
FDTD simulations, CMT, and analytical solutions: the waveguide and coupling simulations have been conducted in
the Synopsys RSoft tool, allowing more detailed characterization of each sub-module, while the global simulation
of the full device has been carried out in Optsim, which allows a block-oriented representation of the elements, and
allowed the simulation of the whole structure at the transmission level, enabling a time-efficient and global
evaluation of the implementation performance.
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Fig. 1: (a) General structure of the proposed WSS. (b) Highlight of the channel filtering cascade. (c) 1xN Switching architecture

Device simulation and design

The devices have been designed considering the standard Silicon Photonic platform SOI, with reference Si on Si02
ridge waveguides with width W=550nm and height H=220nm.

Three different devices have been used to achieve the WSS operation, with their circuit schematic and transmission
performance depicted in Fig.2. Regarding the filtering section, Contra-Directional Couplers (CDC) have been used
to achieve the S+C+L band separation, due to their flat wide-band of operation as well as the steep filtering roll-off.
The CDCs have been designed as proposed in [3], using pitch chirp to extend and tailor the filtering bandwidth to
the required regions. For our implementation the pitch of the three gratings (S, C and L band respectively) has been
designed as A = 289, 313, 325 nm, with the chirp AA = 20, 8, 18 nm. The two waveguides physical dimensions are
equal in all three operating regions with W1=570 nm W2=430nm AW1=100 nm AW2=60 nm, with gap G=200 nm.
The lengths of the three devices are L= 2.6, 1.2, 1 mm respectively, with the resulting frequency response
highlighted in the figure. For the following stage of filtering, a different filtering device is used, as to avoid the large

footprint that CDCs introduce.

After the band separation, the channel extraction is carried out by a cascade of two-stage ladder MicroRing-
Resonator (MRR) filters. The MRR radius is designed following [4], in order to obtain the desired frequency response
for the target 100 GHz spaced WDM comb. One issue that arises from the use of resonator-based filtering elements
is the channel aliasing, which would rapidly degrade the performance by introducing large insertion losses and
crosstalk. This is mitigated by designing larger MRR based structure that act as anti-aliasing filters, as depicted
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Fig. 2: Schematic (top) and corresponding simulated spectral response (bottom) of the fundamental blocks of the of the WSS
(left to right: Contra-Directional Coupler, Two-stage ladder MRR filter, MZI thermally-controlled switch)
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in the previous Fig.1c. By cascading these aliasing filters together with the appropriate channel cascade, the desired
WDM comb can be extracted. In the implementation these anti-aliasing filters have been designed to handle two
channels, although depending on the target implementation different trade-offs may be considered.

After the filtering stage, the OSEs have been implemented as MZI thermally controlled 1x2 switches. These elements
provide a flat and large bandwidth for the desired application [5], depicted in Fig.2 for operation in the C-band. In
each switching sub-network the MZI design can be tuned to provide the maximum transmission, while reducing the
distortion and filtering penalties. The following interconnect crossing network has been modelled considering each
waveguide crossing as a lossy element, introducing 0.04 dB of loss in the considered spectrum.

Results and conclusion

The structure has been simulated in a coherent transmission scenario, considering dual-polarization 16QAM
modulation, with a symbol rate Rs=60 GBaud and spacing FSR=100 GHz. The Optical Signal-to-Noise Ratio (OSNR)
added penalty has been considered as the performance metric to characterize the Quality-of-Transmission (QoT)
impairment of the device. This metric has been evaluated by simulating the Bit-Error Rate (BER) for the different
routings of all the possible channels, comparing it with the back-to-back BER of the transmitter-receiver system:
the OSNR penalties have been extracted for a target BER of 1073,

The results of these simulations are depicted in Fig.3, which also highlights the crossing distribution encountered
by the channels in each band: the histogram represents the distribution of the number of crossings considering
every possible path for each channel. The penalties are depicted as a function of the number of encountered
crossings, as to show the general trend and the penalty affecting the scalability: the waveguide crossings are the
limiting factor for the scalability of such device, while the filtering and switching elements introduce a flat penalty
which is not critical as the number of channels and output fibers increase.

Overall, the design strategy and the proposed architecture show promising results, with a large bandwidth of
operation able to handle independently each channel of the WDM comb, without introducing severe filtering
penalties on the channels.
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Fig. 3: Measured OSNR penalty for the different routing configurations of the thirty channels under analysis.
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Multipurpose programmable circuits provide unlimited flexibility enabling dynamic system
operation as an alternative to a custom fixed design. This work reviews the implications of
the deployment of programmable hardware in microwave photonics, computing, sensing and
data center.

Keywords: Programmable, Photonic Integrated Circuits, sensing, smart transceiver

INTRODUCTION

During the last decades, chip-assisted communications called for continuous improvement in high-speed, low
latency, low power consumption and flexible signal processing and distribution. Photonic integrated circuits
excelled as a great platform to provide high performance in a low form factor. In addition, emerging applications
like RF-photonic signal processing, sensing and computing are benefiting from integrated photonics technology and
generating considerable market traction. At the same time, the maturity of integrated photonics processes has
enabled the incorporation of hundreds of on-chip phase actuators. This technological progress has permitted the
development of complex reconfigurable circuits with more degrees of freedom and versatility, leading to the advent
of a new class of devices called multipurpose programmable photonic circuits [1-2].

Programmable photonic circuits offer an optical alternative to process data in a flexible way and increase the density
of functionalities per area. To do so, they rely on the large-scale integration of optical beam splitters and optical
phase actuators into a central core, to which one can append a selection of high-performance building blocks to
synthesize optical and electro-optical circuits on demand. The basic building block, the programmable unit cells,
can be defined by a 4-port photonic unit cell that can perform either as a cross/bar switch, a tunable coupler, or as
a phase shifter. Unlike conventional circuits, programmable photonic circuits are programmed after fabrication to
implement multiple applications, tailoring their performance by setting phase and amplitude along arbitrary paths
controlled by automated algorithms (Fig. 1a). Although most of the works have focused on the early-day
demonstrations of small and medium scale circuits, applying the technology to practical demonstrations is one of
the key pending challenges. In this work, we review the fundaments of the technology and analyze the challenges
to be addressed, with particular focus on the application of programmable photonic circuits to 5G, computing, data
center communications and sensing.

2. Application focus: Microwave photonics

It is possible to reduce the existing barriers to the adoption of PIC technology (cost and development time) in many
different scenarios by using programmable photonics. As a first example, Radiofrequency (RF) or microwave
photonics explores the generation, transport, manipulation, and detection of high-speed RF signals [3]. An
integrated RF photonics chip is composed of a laser light source, an optical modulator, an optical signal processor
and a photodetector. A single programmable chip can integrate all the required devices with an extra degree of
flexibility in terms of circuit topology, interconnection and design parameters (Fig 1 b). In addition to the
miniaturization capabilities, the chip can perform basic functions like high-speed modulation and photodetection,
spectral shaping, dispersion engineering. When combined, these functions can be applied to complex applications
like arbitrary signal generation, filtering, equalization, distribution, beamforming and up/down conversion for fiber
to the antenna systems and future 5G/6G station processing [4-6].

3. Application focus: Photonic computing

Another photonic-enabled application that can benefit from the versatile general-purpose processor is photonic
computing. The generation of multi-mode linear processing has been demonstrated by integrating feedforward
interferometric matrices, showing promising results for implementing matrix linear transformations useful in
quantum computing, hardware accelerators for deep-learning applications, and general linear signal processing
(Fig. 1b) [7] In addition, some works reported this functionality on hexagonal waveguide mesh arrangements [8].
The latter could also be exploited in computing applications benefiting from mixed feedforward and feed backward
signal flows, like reservoir computing and future computing protocols.
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Fig. 1. (a) Diagram of a programmable photonic processor applied to: (a) RF-photonics, (b) photonic-assisted computing, (d)
Sliceable transceivers and arbitrary switches, (e) sensing

To enable competitive and practical photonic-assisted applications, the processor demands extensively integrated
and non-integrated components for signal preparation, optical monitoring, and electrical driving. Integrating these
high-speed optoelectronic interfaces with many RF ports remains a critical challenge in the current photonic
integration evolution.

On the software side, the scientific and industrial community is focused on efficient automated protocols and fault-
tolerant reconfiguration routines. Although current experimental optical neural networks are mostly limited to
small- and medium-scale integration proofs-of-concept and real-valued numbers, the evolution to large-scale
integration could show the clear advantage of optical networks vs. electrical circuits, specifically in terms of
bandwidth, and power consumption, a critical issue faced by electronic neural networks.

3. Application focus: Sliceable Transceiver and arbitrary switch

Programmable integrated circuits can be used to develop a high-capacity, scalable and smart DWDM sliceable
bandwidth device, enabling workload-placing mechanisms by using reconfigurable bandwidth interconnections.
The solution can be scalable by adding more lasers and modulators to the device externally, or by
activating/deactivating the active components integrated on the chip allowing grow/pay-as-needed approaches
that are economically efficient for the operators. In addition, the programmable photonic processors can integrate
multiplexer subsystems controllable by the Software Defined Network (SDN) layer acting as a flexible ROADM
(Reconfigurable optical add-drop multiplexer), the device can offload the DSP stage of simple tasks such as
dispersion compensation and emulating the 2x4 hybrid for equalizing the imbalance in responsivities. This
processing can take place in the optical domain using additional optical filtering over the analog lightwave prior to
detection.

This configuration enables dynamic optical bandwidth allocation, providing an elastic bandwidth to serve the
application/services components generating variable traffic volumes. In addition, this configuration enables point-
to-multipoint transmission, broadcasting and multicasting as the programmable photonic core works as an
interconnect, providing to the SDN control plane total flexibility to allocate resources (Fig. 1d). This reconfigurable
network solution has the potential to circumvent the limitations of the static network solutions by reducing cabling
costs or reducing the need to over-provision links.

4. Application focus: Sensing

Programmable photonics also finds application in the sensing field as central processor, able to process the light
transmitted to and received from the sample. For example, chemical multisensing can be achieved by using a
broadband laser and wavelength selection can be carried out in the programmable chip, transmitting to the sample
different wavelengths corresponding to the fingerprints of the molecules to detect (see Figure 1). Other functions
that programmable integrated circuits provide to the transmitter part are linewidth reduction and beam forming,
enabling other applications like mapping LIDAR for gas detection. This central processor could switch between
different functionalities and devices, processing signals coming from different type of sensors such as chemical and
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fiber sensors and sending out the information through an antenna to the central, and being able to apply high-
speed data processing and spectral pattern recognition (Fig. 1e).

3. Conclusions

Programmable photonic integrated circuits have a big potential to become a multipurpose technology that employs
electrical signals to configure the performance of photonic chips on demand. Especially appealing for applications
demanding dynamic and adaptative operations, we reviewed the opportunities in microwave photonics, photonic
computing, communications and sensing.
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Computing with reduced power and increased speed is required for the ubiquitous data era.
While such advancements are increasingly hard to achieve with conventional CMOS logic, the
CMOS ecosystem enables a host of devices beyond electronics — including native photonic
components and heterogeneous integration. Here, we present photonic interfaces from data
processing and sensing at the edge to high-performance classical and quantum computing.
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INTRODUCTION

The last 36 years has seen a steady increase in the deployment of photonic integrated components. Over most of
this history, the development of integrated photonic systems in both IlI-V and Group IV materials has been driven
by the needs of fibre optic systems — from telecommunications, to LAN, to FTTH and data centre networks. In these
applications, progress has been driven primarily by the properties of the transmission media (single-mode vs multi-
mode fibre, fibre gain, etc). Today, photonic integration is increasingly driven by the unique properties of high-
performance electronic-photonic interfaces. The low-capacitance, low-energy, high-bandwidth density of photonic
integrated systems is now driving optical interconnection into board-scale, chip-scale, and intra-chip photonic
systems.

Here, we consider new applications ranging from (1) deep learning systems and other data intensive classical
compute applications, (2) optically addressed quantum computing fabrics — with tremendous progress being made
today in the area of trapped-ion quantum computing, and (3) next-generation brain-computer interfaces where
photonics may play an important role in the massively parallel signal detection.

DATA INTENSIVE COMPUTING

Today, deep learning algorithms are employed in an ever-expanding range of applications. They represent an
important class of applications for compute systems from mobile phones to large-scale data centres. Recent, energy
analysis on a range of representative deep learning neural networks (DNNs) has demonstrated that data movement
represents a larger fraction of energy consumption than computation (multiplication-and-accumulation)[1]. While
local (on-chip) memory access can be less expensive than accessing larger off-chip DRAM, together memory access
is 2x (local) and 200x (DRAM) more energy intensive than computation resulting in as much as 90% of overall energy
consumption devoted to data movement[1]. This memory bottleneck is well established in other data intensive
computing applications and has motivated us to consider low-energy photonic interconnections[2]. CMOS photonic
integration based on microring resonant modulators and detectors locked to arrays of DWDM light sources have
been demonstrated as low-energy, high-bandwidth platforms for optical 1/0 [3]. As of 2019, CMOS photonic
systems showed in-socket energy dissipation (<5pl/bit) [4] comparable to in-package high bandwidth memory
(HBM3 3.9 pJ/bit [5]). Continued innovation in the CMOS photonic platform — minimizing junction capacitance and
increasing detector responsivity [6]— promises to further reduce energy consumption per bit by as much as 10x
(<0.5 pJ/bit) — a reduction in GPU-to-memory access of this scale could dramatically reduce deep learning energy
consumption. Optical 1/O not only lower-energy access to larger memory resources but offers new networking
possibilities. Recent analysis suggests that such terabit DWDM 1/O could further reduce training times for deep
learning by 1.9x [7].

OPTICALLY ADDRESSED QUANTUM COMPUTING

Trapped ion qubits enable high-fidelity quantum compute fabrics —these atomic qubits offer low decoherence over
typical gate operation times. The performance of these systems is already competitive with superconducting,
transmon based quantum compute architectures [8]and has motivated large investments by companies such as
lonQ and Quantinuum/Honeywell. We proposed a photonic integrated architecture for scalable trapped-ion
guantum computation. A visible waveguide platform employing focusing vertical grating couplers offers a path to
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simultaneous addressing of large ensembles of trapped ion qubits[9]. The performance of each qubit can improved
because (1) the waveguide devices can be integrated directly into the surface electrode Paul trap hence eliminating
beam pointing stability — an important source of technical noise and loss of fidelity and (2) the optical beams can
be tightly focused allowing for faster gate operations (Rabi frequency). Since our initial proposal and demonstration
of photonically addressed trapped ion qubits and CMOS Paul traps with integrated SPAD readout[10], several
groups have made impressive progress. Mehta, et al. at ETH/Cornell have demonstrated multi-ion addressing with
improved gate operation [11] and MIT Lincoln Lab has demonstrated fast readout of ion state using integrated
SPADs [12]. Future embodiments of this platform can incorporate CMOS Paul traps, SPADs for readout, and visible
waveguides in a single platform.

BRAIN-COMPUTER INTERFACES (BCI)

The platforms that have been developed for photonic integration in both high-performance computing and optically
addressed quantum computing may also find a home in this most difficult of computing problems — the brain-
computer interface. A closed-loop BCI couples automated detection of neural signals for behaviour with therapeutic
neuromodulation [13]and has been proposed as a treatment for Parkinson’s disease, epilepsy, chronic pain, and
depression. The development of in vivo electrical and optical probes [14] for highly multiplexed recording and
stimulation of neural circuits has been the focus of several international programs and commercial ventures.
Integrated photonics may have an important role to play in both of these sensing and stimulation modalities.

Electrophysiological recording of biopotentials requires readout and processing of 1-10 mV signal levels (requiring
< 10pV noise). While these signals are relatively low bandwidth, the low electrical signal levels require amplification
before analysis. Analog electrical amplification for each probe signal can require 5.2 pW per pixel (excluding ADC)
with a bandwidth of 27 kHz (190 pJ/bit) [15]. These links can be highly asymmetric as the temperature and power
dissipation at the probe (brain) are critical whereas the machine terminal has relaxed energy and temperature
requirements. Such low-energy, low-bandwidth optical links would not typically be feasible, however, recent
improvements in silicon photonic technology has demonstrated low-optical insertion loss modulators that operate
at mV-levels [16]. We have demonstrated photovoltaic modulators that harvest some of the energy lost due to
background absorption to bootstrap a 10x voltage gain [17]. In this way, 1MHz bandwidth modulators with mV
sensitivities have been realized with total (optical + electrical) power dissipation less than 8 uW per channel.
Further, improvements in device and system performance may enable 10-70x reductions in total power per
channel.

Acknowledgements: The author acknowledges many years of fruitful collaboration with researchers in the Physical
Optics and Electronics Group at MIT, Ayar Labs, UC Berkeley and Boston University.
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PIC Technologies for Quantum Secure Communications

Taofiq K. Paraiso*, Thomas Roger, Davide G. Marangon, Innocenzo De Marco, Mirko Sanzaro, Robert I.
Woodward, James F. Dynes, Zhiliang Yuan & Andrew J. Shields
Toshiba Europe Ltd. Cambridge, UK
* taofig.paraiso@crl.toshiba.co.uk

PICs offer unique opportunities for low-cost, highly-scalable quantum cryptographic systems.
However numerous challenges such as packaging, power consumption and interfacing
multiple chips in real-time, have for long impeded the demonstration of a standalone PIC-
based QKD system. Here we show how we tackled these challenges to realize such a system
with strong capabilities including autonomous operation without user intervention over
multiple days and high secure key rates over all metropolitan distances.

Keywords: quantum communications; quantum key distribution; diode lasers; optical injection
locking; direct modulation; photonic integrated circuits

INTRODUCTION

Quantum key distribution (QKD) systems based on discrete optics have been demonstrated in many scenarios and
are now widely considered a mature technology. New approaches are now required to reduce the size, weight and
power and to stimulate its wide-scale deployment. Integrated quantum photonics is an excellent candidate to
address this question as it can easily interface with existing infrastructure [1]. Indeed, quantum communications is
expected to be one of the first applications of integrated quantum photonics to reach maturity [2]. Quantum
photonic chips have already been used to demonstrate a variety of QKD protocols [3-6]. However, these
developments were all limited to proof-of-concept demonstrations, without presenting a fully deployable chip-
based QKD system [7-9]. This challenging step requires one to overcome a range of shortcomings within the
photonic design, the choice of integrated platform and from incorporation with bespoke high-speed electronics. In
this paper we achieve this milestone by demonstrating a complete and viable real-time point-to-point QKD system
based on integrated photonic circuits packaged into compact pluggable modules.

The photonic hardware comprises a quantum transmitter (QTx) chip, quantum receiver (QRx) chip and two
guantum random number generator (QRNG) chips, co-designed to form a QKD system capable of operating at GHz
clock rates. We implement a mix of different integrated photonic platforms, which best suit the specific
requirements of the various components within the system. Quantum keys are phase encoded on the emitted
attenuated laser pulses using the T12-BB84 protocol [10] for elevated efficiency. The protocol uses multiple fluxes
(decoy intensities) to ensure security. We use 4 phase states produced in 2 non-orthogonal bases (X [0, ] and Z
[r/2, 3m/2]) and 3 pulse intensities (signal [u], decoy [v] and vacuum [w]). We demonstrate the stable system
performance over multiple days of use with a feedback system acting only on the transmitter’s phase.

The quantum transmitter chip is a directly phase-modulated light source that encodes photons via direct
modulation and optical injection locking (OIL) [6]. The chip is built on the indium phosphide (InP) platform, which
allows for integration of active components such as lasers and modulators. Fig. 1a shows an overview of the QKD
system and the integrated photonic devices used within. The transmitter chip contains two distributed feedback
(DFB) lasers, a Mach-Zehnder interferometer and an electro-absorption modulator (EAM). The direct-phase
modulated light source scheme [12] has the advantage of producing phase-encoded pulses with high-fidelity, short
duration and high repetition rate (2 GHz), without the need for electro-optic phase modulators, and therefore
compact and power efficient for chip integration. The encoded pulses of light are then modulated in intensity using
an EAM to produce decoy states. The selection probabilities used to encode the orthogonal bases and the pulse
intensities are optimized to provide high secure key rates.

The quantum receiver includes a discrete optics high-speed phase modulator and a passive silicon-based photonic
chip. The chip consists of an asymmetric Mach-Zehnder interferometer that has a relative temporal delay between
the two arms of 500 ps. The interferometer measures the phase difference between consecutive pulses emitted by
the transmitter. The phase modulator is used to choose the measurement basis. Photons exiting the interferometer
outputs are detected via two avalanche photodiodes (APDs) and correspond to pulses measured in the two ‘bit’
values of each of the measurement bases (X, Z). The APDs are gated at 1 GHz and centered on the photon pulses
carrying the encoded phase states.
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Fig. 1. (a) Photonic integrated quantum key distribution system. The system consists of a QTx unit and a QRx unit, each featuring
a QRNG chip and a quantum communication chip. Random numbers generated continuously are used in real-time to encode and
decode the quantum key information. Pluggable modules are used to package the QKD optics and the complete optoelectronics
electronics is assembled in compact 1U rackmount enclosures. (b) Stable operation over extended periods of time is achieved
over all metropolitan distances.

The QRNGs are also based on InP photonic chips, similar to the transmitter. These devices are typically omitted
from QKD demonstrations, as sources of pseudo-random numbers can be used in their place as proof-of-concept.
However, such omission is an important drawback for real QKD systems as the security of a QKD key directly relies
on it being impossible to predict how the photons are encoded. We use QRNGs that exploit spontaneous emission
phase noise in gain-switched laser diodes [9, 13]. Due to the typically low bit rates of these types of devices their
implementation in QKD systems has been challenging. Here, we overcome this challenge by demonstrating QRNGs
that produce verified random numbers at 4 Gb/s.

Table 1. Secure key rates achieved over different length quantum channels

Quantum channel length SKR QBER

0 km 726 kbps 3.72%
10 km 470 kbps 4.50 %
25 km 235 kbps 4.66 %
50 km 28 kbps 6.15 %

RESULTS

The system capabilities were initially proven by connecting the transmitter and receiver with a short (few meters
of single-mode fiber) quantum channel. QKD keys were generated with a sifted rate of 5.02 Mbps. Following error
correction and privacy amplification algorithms, information theoretic secure keys are generated with a rate of 726
* 35 kbps (see Fig. 1b). Measurements with 10 to 50 km of standard SMF-28e fiber were then acquired. The fibers
spools were stored locally and connected between the two system units in the quantum channel. Table 1 reports
the performance over different channel lengths. At 10 km, we found an average secure key rate of 470 £ 110 kbps.

To confirm the compatibility with real-life deployment, classical data encryption systems were connected to the
system. The encryptors withdraw quantum keys from the units every minute. 352 bits of quantum key information
are then used to form AES-256 keys (with a 96-bit initialization vector), which are capable of encrypting 100 Gb/s
of data. These commercially available encryptors operate seamlessly with our chip-based QKD system,
demonstrating its compatibility within existing optical communication infrastructure. We report continuous
operation without user intervention over 11 days, at a rate sufficient to serve 1335 AES-256 keys per second and
therefore to supply multiple encryptors simultaneously [14].
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DISCUSSION

Our results establish the viability of quantum photonic integration for use in realistic quantum communications
systems. This marks an important step for the practical deployment of quantum communication technologies based
on quantum photonic chips. Reducing the cost and size of devices will allow for a significant increase in the
manufacturability and reliability of these systems. As the fabrication processes for photonic integration continue to
improve in terms of reproducibility, cost and volume, their use within commercial systems will become ubiquitous,
allowing for easily upgradeable QKD systems, with reduced operational costs.

Acknowledgements: This work has been funded by the Innovate UK project AQUASEC, as part of the UK National
Quantum Technologies Program.
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We present two-photon state generation on an integrated platform using intermodal
Spontaneous Four-Wave Mixing. The goal is to use this source for biphoton spectroscopy in
the mid-infrared spectral region where the spectral fingerprints of molecules are contained.
The technique of Ghost spectroscopy is able to achieve important advantages over classical
absorption spectroscopy by allowing more detailed information to be obtained in the
presence of environmental noise.

Keywords: Nonlinear optics, Integrated photonics, Ghost spectroscopy

INTRODUCTION

The mid-infrared (MIR) spectral region, which extends from 2 um to 15 um, is of interest to many areas of physics.
Applications range from environmental monitoring [1] to LIDAR technology [2], from free space
telecommunications [3] to applications in biology and medicine [4],[5]. The MIR region hosts the atmospheric
window and the fingerprint of several molecular compounds [6]. This high and specific molecular response is of
great interest to optical sensing. However, MIR optical technology is not mature, especially regarding detection,
limited by low sensitivity devices. These limitations can be overcome by quantum photonics [7]. In particular, time-
energy entangled photon pairs can be used to beat the shot noise limit [8] and to relax the technological constraints
of MIR devices [7]. These photon pairs can be generated by non-linear optical processes, such as spontaneous
parametric down-conversion (SPDC) or spontaneous four-wave mixing (SFWM) [9], [10].

In our work, we use an entangled photon source to implement quantum Ghost Spectroscopy (GS) for gas sensing
[11], [12]. This spectroscopy method, in fact, uses time-energy correlated photons, where one photon interacts
with the sample while the other is spectrally analyzed. In our case, the photon interacting with the gas belongs to
the MIR, while the one spectrally analyzed is in the near infrared (NIR). Thanks to the spectral correlation between
the photons, the gas spectral information probed by the MIR photon can be accessed by measuring the spectrum
of the NIR photon, while the MIR one is detected with a bucket detector. In this way, this technique allows to use
more efficient spectrometers with respect to MIR solutions. For this purpose, entangled photon pairs with a large
spectral difference are required. By using spontaneous intermodal four-wave mixing (SFWM) [13], [14], we are able
both to generate these photon pairs in a silicon integrated photonic device (SOI) and to apply this twin photon
source for GS of CO2 around 2 pum [15]. Specifically, using a continuous wave (CW) laser in the C-band, biphotons
are generated one around 2 um and the other around 1.3 um. We are able to retrieve efficiently the CO2 spectrum,
demonstrating also a higher measurement visibility compared to classical spectroscopy.

RESULTS

The intermodal SFWM process involves the annihilation of two pump photons and the generation of a photon pair:
an idler photon and a signal photon. The characteristic feature of intermodal is to use the chromatic dispersions of
different spatial modes of an optical waveguide to achieve perfect phase matching [13]. We used an optical
waveguide 1.5 cm long, with a channel cross-section of (0.22 x 2) um?. We use a tunable pump CW laser at 1570
nm, injected on the TEO and TE1 modes. The signal is generated around 2003 nm on TE1 and the idler around 1291
nm on TEO. To characterize the source, we detect the idler with an InGaAs single-photon detector (SPAD) and the
signal, after being up-converted to the visible [16], with a Silicon SPAD. Due to the large detuning of the generated
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photons from the pump and to their discrete bands, the pump can be easily rejected with short and long pass filters
[17]. Fig. 1 shows the setup used for the coincidence measurement with details given in its description.

=} -0

Pump

Idler

a e

Time
Tagger

Fig. 1. Scheme of the experimental setup. A tunable continuous wave CW laser followed by its amplification and filtering stage.
The chip where the SFWM is performed. After the generation of the two states, the idler channel (dashed blue line region) has
a tunable band pass filter (BPF) and an InGaAs SPAD. The signal channel (orange dashed line region) has a Gas chamber
followed by an upconverter system coupled to a silicon SPAD after a BPF.

To describe and compare the setups used for photon-pair generation and detection, the coincidence-to-accidental
ration (CAR) is used [18]. This parameter quantifies the probability of detecting a single-photon coincidence
between signal and idler against noise and multi-pair events. The maximum CAR value is 114 + 4, obtained with an
on-chip power of 7 mW, with (0.279 + 0.007) Hz net coincidence rate (Fig. 2a). These results mark a 4-fould
improvement with respect to the state of the art of integrated two-photon MIR sources [19]. The single-photon
behavior of the source was demonstrated, measuring the heralded g®? (gn!?), with the signal as the heralded photon
and the idler as the herald photon [18]. We measured a minimum gn'?(0) = 0.06 + 0.02 at 10.5 mW, see Fig. 2b,
demonstrating the antibunching regime of the generated photon in the MIR.

We subsequently used this source to performe quantum GS. For this application, it is useful to have a source whose
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Fig. 2. a) CAR (dark blue) and net coincidence rate (dark red) as a function of pump power. b) gi(?(0) as a function of pump
power. c) Signal (orange) and idler (purple) variation wavelengths as a function of pump wavelength.

wavelength can be tunable. Through the SFWM process, this can be easily achieved by simply tuning the wavelength
of the pump. Fig. 2c shows the variation of the measured wavelength of the generated photons as a function of the
wavelength of the pump. This is possible thanks to the energy conservation, which governs the spontaneous process
used. In particular, the signal spans a range of more than 20 nm when the pump wavelength is changed by £+ 5 nm,
while the idler variation is less than + 1.5 nm. In this way, the source can be used to perform broadband
spectroscopy, while the idler can be easily filtered out and detected, all by shifting the pump laser wavelength by a
few nanometers. The same tuning cannot be achieved with commonly used intramodal SFWM.

To compare GS with classical spectroscopy, we measured both the count rates of signal photons (classical
spectroscopy) and the net coincidences between idler and signal photons (GS) as a function of pump wavelength.
To perform this measurement and to emphasize the advantage of GS, an external environmental noise is inserted
into the photon signal detection line, inducing a low signal-to-noise ratio (SNR) on the bare signal detection
(SNR<<1). Fig. 3 shows the theoretical spectrum of the CO: (black line), compared with the CO, measured with
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Fig. 3. Measurement with a cell filled with 1 bar CO,. The dark blue dots is the classical spectroscopy measurement, the blue
dashed line the performed simulation. The black dots is the experimental GS measurements, the orange dashed line the
performed simulation. The black line corresponds to the theorical spectrum. The experimental count rates are recorded as a
function of wavelength.

classical spectroscopy (dark blue dots) and with the GS technique (black dots) and the corresponding simulations
(dashed lines). A significant reduction of the noise baseline is observed in the net coincidence spectrum, resulting
in improved visibility of the spectral measurement.

With this measurement, we demonstrate that GS retrieves correctly the spectrum of CO2, providing at the same
time higher visibility with respect to classical spectroscopy in the same noisy environment. The simulations perfectly
match the trend of the experimental measurements obtained. This result paves the way to miniaturized quantum
devices able to surpass classical limitations faced by MIR technologies.

DISCUSSION

In this work, we discussed the use of an integrated silicon entangled photon source for MIR ghost spectroscopy
through the intermodal SFWM process. Using the GS technique, we demonstrate noise reduction in the presence
of unknown environmental noise by coincidence measurements. This can be seen as a temporal filter, allowing us
to retain all correlated photons and exclude all uncorrelated counts composed of the accidental counts and noise.
The future perspective is to show a higher spectral resolution in the MIR by filtering only the beam in the NIR. This
is possible by exploiting the spectral correlation that characterizes the CW-pumped SFWM.

Acknowledgements: This project has been supported by Q@TN, the joint lab between University of Trento, FBK-
Fondazione Bruno Kessler, INFN-National Institute for Nuclear Physics and CNR-National Research Council.
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We discuss the utilization of reconfigurable photonic integrated circuits for the measurement
of spatial phase, polarization, and intensity distributions of light beams. The fundamental
principle as well as the main building blocks of this novel detector platform will be discussed.
Keywords: silicon photonics, photonic integrated circuits, superpixels, structured light

INTRODUCTION

Conventional detectors like cameras or photodiodes are usually ‘blind’ for parameters different than intensity or
power. Additional optical elements, more complicated architectures, or completely different approaches are
necessary to make them ‘see’, for instance, the phase and polarization of a light field or beam. All-integrated
photonic circuits are also well suited for the aforementioned task of measuring (and shaping) light fields. They hold
great potential as actively controllable on-chip detectors, inherently sensitive to intensity, phase and polarization,
if constructed and calibrated appropriately.

DISCUSSION AND RESULTS

The structure of electromagnetic fields in general and light in particular plays a crucial role in many fields of research
and applications, ranging from light steering and management at the nanoscale [1-3], (nano-)metrology [4-6],
advanced spectroscopy [7,8], endoscopy [9] all the way to free-space (quantum) communications [10]. However,
although very important, the direct and simultaneous measurement of light’s spatial degrees of freedom (intensity,
phase, and polarization) is far from trivial. We now propose, implement and apply a novel route towards the
spatially resolved measurement of said parameters. The corresponding novel detector consists of a reconfigurable
photonic integrated circuit (PIC; see figure). Grating couplers, meshes of waveguides and Mach-Zehnder
interferometers serve as an all-integrated platform — also referred to as Super-Pixels — for on-chip light processing
[11-14]. After calibration of the system based on a known input field, the relative intensity and phase information
between all pixels can be measured for arbitrary input beams [13]. The chosen architecture and layout of the input
grating couplers (free-space interface) also provide for additional information about the polarization of input light
fields. In addition, the PIC can also be ran in reverse to not only detect but also emit sculpted beams of light [14],
with potential applications in beam steering, shaping, and optical communications.

gt

Fig. 1. Artistic impression of a photonic integrated circuit (PIC) consisting of silicon waveguides, on-chip interferometers, etc.
Grating couplers arranged in a desired manner act as an input interface sampling a light beam in a spatially resolved manner
(not shown). If combined with electronic phase-shifters (heaters), the waveguide modes can be manipulated selectively,
eventually allowing for the retrieval of intensity, phase, and polarization information of the light field impinging on the PIC.
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CONCLUSION

Novel integrated detectors capable of simultaneously measuring lights spatial intensity, phase and polarization
distributions constitute a powerful addition to the existing detector toolbox. They pave the way towards intriguing
applications in nano-optics, imaging, endoscopy, and optical communication. With their unique ability to also re-
emit and shape the light field they are extremely versatile and flexible. In this presentation, we plan to introduce
the corresponding photonic integrated architecture of superpixels, their building-blocks, and discuss selected
applications.

Acknowledgement: We thank the Super-Pixels consortium for very valuable support and countless fruitful
discussions. This project has received funding from the European Commission Horizon 2020 research and
innovation programme under the Future and Emerging Technologies Open Grant Agreement Super-Pixels No.
829116.
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We present integrated Computer Generated Waveguide Hologram couplers that can emit or

receive free-space optical beams at an ultra-long working distance. Single wavelength
waveguide holograms for 1300, 1450 and 1600 nm have been designed, fabricated and
characterized. We demonstrate the focusing of optical beams 10 mm above the optical chip’s
surface with beam waists closely approaching the diffraction limit in one dimension.

Keywords: integrated photonics, free-space radiation, hologram, photonic-free-space coupling, sensing

INTRODUCTION

Monolithically integrating a coupler on a photonic integrated circuit that can emit or receive free-space beams
focussed at an ultra-long working distance, enables further miniaturization of optical devices by reducing the need
for external optics such as lenses or gratings. Small area grating couplers (~ 10x10 um?) are widely used to couple
light out to an optical fiber near the chip. For focusing at ultra-long distances (~1 cm), which is useful in e.g. optical
sensing or free-space optical communication, diffraction makes that much larger couplers (~ 400x400 um?) are
required. Furthermore, both the phase and intensity profile of the emitted beam - the coupler’s near-field - need
to be accurately controlled. Backlund et al [1] designed and demonstrated a Computer-Generated Waveguide
Hologram (CGWH) consisting of a 2D array of grating lines. They engineered the offset of each grating line to obtain
the required phase profile. Additionally, apodizing the filling factor of the grating lines allows to uniformly distribute
the intensity over the surface of the coupler [2]. A limitation of the modelling used in [1-2] is the assumption that
the optical behaviour of the pixels is independent of each other, i.e. changing the scattering properties of one pixel
does not affect its neighbours. This limited the performance that could be demonstrated.

In previous work, we have shown that the neighbouring pixels do affect each other and that this has a large
influence on the far-field pattern [3]. Therefore, we have developed a new model and design tool for waveguide
holograms that incorporates the effects of neighbouring pixels [3]. By designing and demonstrating three single
wavelength CGWH couplers for 1300, 1450 and 1600 nm with an ultra-long working distance of 1 cm, we prove
that our model is highly flexible and suited for broadband applications. We have fabricated these couplers on the
InP Membrane on Silicon (IMOS) platform that allows for dense monolithic integration of lasers and other building
blocks [4]. In this paper, we present an overview of the design and the performance of the realised devices.

DESIGN

The conversion of the light field from the regular single-mode IMOS waveguide to free space occurs in three stages
as shown in Figure 1. In the first stage, an 80 um long taper expands the waveguide mode from 400 nm to 5 um. In
the second stage, the mode is expanded further in a 1 mm long slab waveguide. In the third stage, this wave enters
the hologram, formed by a 2D array of subwavelength grating lines made in a SizsN4 layer above the InP slab
waveguide. Each grating line scatters a small part of the light outward and induces a phase shift on the remaining
propagating light in the slab waveguide.

Camera !
I Scan with z

(a)

Microscope
Objective @ (b) Computer-Generated
Waveguide Hologram .
10 mm 416 um coupler (c) Pixel
P //\
Slab waveguide - W‘nm
Waveguide Adb\
X 290 nm InP
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Fig. 1 (a) Schematic of the integrated chip and the measurement set-up. (b) Zoomed view of the CGWH and (c) one of its pixels.
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We engineer the thickness of each grating line and its offset Ax from the edge of the pixel (i.e. the distance between
them) to carefully control the upward coupling strength and phase shift at each pixel in the array. First, we linearly
apodize the grating lines’ thickness from 104 to 208 nm at x = 0 and 416 um, respectively. Then, we simulate
using 2D FDTD in Lumerical the effects of neighbouring grating lines in the xz-plane on the far-field emission. This
simulation includes an input beam confined in a waveguide, three consecutive grating lines etched in this waveguide
and a field-profile monitor 700 nm above the grating lines. For different thicknesses and positions of the grating
lines, we calculate the far-field profile of the monitor to determine which percentage of the scattered light will
arrive at the target location. A 3D FDTD simulation can also analyse the effects from neighbouring pixels in the y-
direction, however, this would highly increase the simulation time (currently 2-3 hours). Finally, we use a similar
algorithm as described in [1] to optimize the offsets of the different grating lines [3].

To focus a 50 um spot at an ultra-long distance of 10 mm, we need a large area coupler of at least 416 pm due to
diffraction. Based on our algorithm, we have designed three single wavelength CGWH, couplers for wavelengths A
of 1300, 1450 and 1600 nm. We have fabricated the holograms monolithically in a 30 nm-thin SisN,4 layer deposited
on top of a 290 nm-thick InP slab waveguide. By using a different material for the hologram, we can exploit the high
dry etch selectivity between SisN4 and InP. Our fabrication process is similar to [5], except that we do not use a
metallic mirror and opt for SisN4 instead of SiO; as it provides a higher coupling strength.

PERFORMANCE

In the experimental set-up, we use three fiber-coupled tunable lasers at 1300, 1450 and 1600 nm, respectively, and
couple them via a side-fire fiber into on-chip grating couplers. A 20x microscope objective (Mitutoyo Plan APO NIR
using a tube lens with a focal length of 200 mm) captures the light emitted by the CGWHs (Fig. 1). We mounted the
objective and the camera on a motorized stage (CONEX-MFACC - Newport) to measure the far-field at different
distances.

Figures 2(a-c) show the measured near- and far-field patterns of the different couplers. We notice that CGWHi300
already couples a large part of its light at the start of the hologram (Fig 2ab). This reduces the confinement of the
light at the focusing plane in the x-direction (Fig. 2c).

The near-filed pattern of CGWHi30 indicates that the current apodization is not strong enough as most of its light
still couples out at the start of the coupler (Fig. 2a). Thus we need to reduce the thickness of the first grating line
further. From the far-field pattern of CGWHi300, we notice that its strongest spot in the focal plane lies on a line
with an angle of 0.02° from the normal. On the other hand, CGWH 1450 and CGWH 1600 both uniformly couple the light
out of the hologram (Fig. 2b) and focus it with nearly an identical incident angle of -0.65° and -0.70°, respectively,
at the focusing plane (Fig. 2a).
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Fig. 2 (a) Measured near-field and (b) far-field intensity distributions in the axial and (c) focal plane of the different CGWH;
operating at wavelengths of 1300, 1450 and 1600 nm. The colour bars indicate the normalized intensity for each CGWH;.
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Figure 3 (a) Intensity of the x- (blue) and y-profile (red) across the measured focal spots of the different CGWH; operating at
wavelengths of 1300, 1450 and 1600 nm compared to the diffraction-limited case of a uniformly illuminated flat-lens (ideal).
The x-axis represents the relative position to the centre of the peak. (b) Beam waists (1/€°) after fitting the measured intensity
at the focal plane with a 2D Gaussian and for the diffraction-limited case without fitting (ideal).

Figure 3(a) shows the intensity profile of the horizontal I, (x) and vertical cut I;(y) of the measured focal spot of
CGWH, compared to the diffraction-limited case of a uniformly illuminated flat lens with focus f = 10 mm having
the same area as the coupler. We calculate the intensity profile of the diffraction-limited case to be proportional to
nl
Laifpr. 1imic(x,y) ~ sinc? <%;x> sinc? (A_yfy) (1)
where [, and [,, represent the dimensions of the coupler. We notice that the central peak of the different I; (x)
closely resembles with Iyi¢fr 1imic- We observe strong sidelobes for I; (x) as expected since they approach the
diffraction limit. Even the location of the sidelobes matches with those of I;¢ ¢y 1im;:- Moreover, we detect a fringe
pattern for I;(x) with a periodicity of several micrometres. Potentially, other functional devices or fabrication
inaccuracies — e.g. particles or roughness — on the chip scatter part of the incident light which interferes with the
coupler’s signal.

Figure 3(b) displays the beam waists after fitting the measured intensity at the focal plane with a 2D Gaussian fit
and for Ig;ffr. 1imic- While the beam waists in the x-direction are equal to 53-66 pum, they are 81-100 um in the y-
direction, an increase of 34 — 86%. The fact that the near-fields of CGWH1450 and CGWHie00 show a lower
uniformity in the y-direction as opposed to the x-direction can explain this effect (Fig. 2b). This is not evidently
noticeable for CGWHs300. In general, apodizing the structures also in the y-direction will ensure higher uniformity of
the near-field.

CONCLUSION

We have realized three monolithic integrated couplers that can focus light at an ultra-long working distance of 10
mm above the chip plane at respective wavelengths of 1300, 1450 and 1600 nm. The CGWH couplers achieve near-
vertical focusing (8 < 0.7 °) with beam waists (1/e?) in the x-direction (53-66 um) closely approaching the
diffraction limit. Apodizing the structures in the y-direction will reduce these beam waists (81-100 um) as well.
Further research will focus on multiwavelength CGWH couplers and integration with other on-chip components to
demonstrate its potential for gas sensing or compact position sensors.

Acknowledgements: This publication is part of NWO HTSM 2019 project 17971 which is (partly) financed by NWO.
We thank professor Irwan Setija for the insightful discussions.
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Metasurfaces are a potential candidate to substitute bulk lenses in optical beam steering
devices. However, off-axis and chromatic aberrations often limit their applicability. Here, we
report on a single-layer, silicon metalens simultaneously providing a large field of view and
broadband achromatic behaviour at optical communication wavelengths. The metalens
features a quadratic phase profile, a numerical aperture of 0.83, and allows beam collimation
and steering over a field of view of 86° and a bandwidth of 140 nm.

Keywords: beam steering, silicon on insulator technology, dielectric metalens, metasurface

INTRODUCTION

Photonic technologies such as light detection and ranging (lidar) and free-space optical communications have
attracted a surging interest in the last few years, both from the academic and industrial point of view. This has
ignited an intense research on compact solutions capable of generating, shaping, and steering optical laser beams.
Integrated optical phased arrays are among the most vastly exploited devices that allow achieving these
functionalities. By controlling the relative phase of the light emitted by an array of integrated antennas, it is possible
to generate beams with divergence smaller than 0.1° and steer them over a field of view of a few tens of degrees
[1,2]. However, phased arrays requires either the use of a laser with the emission wavelength tuneable over
hundreds of nanometers or alternatively a very large number of integrated phase shifters.

A different approach to achieve beam steering relies on an array of antennas placed at the focal plane of a lens
(focal plane array). Turning on one antenna at the time allows changing the position at which light arrives at the
lens and hence the direction of the outgoing collimated beam [3,4]. A promising way to improve the compactness
of such a system is to substitute the lens with a flat metasurface (metalens), i.e., a two-dimensional arrangement
of subwavelength scattering elements [5]. While high optical performances have been demonstrated [6],
metalenses often suffer from off-axis and chromatic aberrations. Simultaneously ensuring broadband operation
and a wide field of view remains challenging [7], limiting the applicability of metalenses in the context of beam
steering.

Here, we present the design and experimental demonstration of a silicon metalens at optical communication
wavelengths overcoming this limitation. The use of a quadratic phase profile and a high numerical aperture of 0.83
allowed experimentally demonstrating a wide field of view of 86°, limited by our experimental setup. Additionally,
this phase profile made the metalens inherently tolerant to chromatic aberrations, enabling an operational
bandwidth of 140 nm.

RESULTS

Figure 1a schematically shows how beam steering can be achieved using a metalens and an array of antennas placed
at its focal plane. If the antenna is aligned with the central axis of the lens, the emitted diverging beam propagating
in the z direction is collimated and does not change direction upon crossing the metalens. When the antenna
illuminates instead the metalens from an off-center position, for example with a displacement along the x axis, the
collimated beam will be directed at a different angle in the far field, achieving beam steering. Reciprocally, when a
plane wave illuminates the metalens at different incident angles, light is focused at different positions along x.

In order to achieve this behavior, we designed a metalens with a quadratic phase profile
p(r) = —wr?/(2cf), (1)

where w is the frequency of the light, cis the speed of light, fis the focal distance of the metalens, and r is the radial
distance from the central axis. The lens was designed to focus light in air. The choice of this phase profile was
dictated by its particular characteristics. Compared to diffraction-limited metalenses, the use of a quadratic phase
profile introduces spherical aberration which limits the resolution and gives the lens a rather long depth of focus
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Fig. 1. (a) Sketch representing the metalens operation. Light incident at an angle is focused on the image plane at a distance d
from the axis, virtually free of spherical aberrations. (b) Structure of the meta-atom used to realize the fishnet metalens. The
dimensions L1 and L2 of the pillar are the design parameters. (c) Relative phase delay imparted by the meta-atom as a
function of L2 for different values of L1 (orange marks) for A=1550 nm. If L1 = L2, the range [-1t, ] cannot be properly sampled
(black marks). (d) Scanning electron microscope (SEM) image of the center of the realized metalens. (e) Focal spot at the image
plane with A=1500 nm and A=1640 nm for normal (9=0°) and tilted incidence (8=43°) in the x-z plane, as defined in (a). In the
latter case, the focal spot remains undistorted and shifts along the x axis. (f) Focal spot displacement as a function of the
incident angle & for A=1500 nm, A=1550 nm, and A=1640 nm. The dashed black line represents the expected displacement
calculated using the metalens focal distance f = 80 um.

[8]. At the same time, however, the lens properly focuses light also under tilted illumination. The focal spot remains
undistorted and simply shifts in the focal plane by a quantity d = fsin(6), being 0 the incident angle. The phase
profile (1) hence represents an interesting choice for beam steering applications and allows achieving the behavior
described in Fig. 1a. While limited resolution could be problematic for imaging applications, in the case of beam
steering this is not necessarily a limiting factor since the optimal spot size would ultimately be determined by the
size of the antenna. On the contrary, when used in combination with a focal plane array, a quadratic metalens
would allow beam steering over an arbitrarily large field of view [9].

The described metalens was realized using a fishnet structure composed of the meta-atoms schematically
represented in Fig. 1b. Silicon pillars have a height of 700 nm and are fabricated on top of a SiO2 substrate. The
lattice period is fixed at 800 nm. The width of the cross fins is fixed at 100 nm while L1 and L2 are varied between
200 nm and 700 nm. For each combination of L1 and L2 we computed the phase delay and amplitude modulation
imparted by the meta-atom to an incident wavefront at A = 1550 nm. We disregarded all meta-atoms with
transmission lower than 0.5 in order to minimize losses. For the remaining set of pillars, the relative phase delay as
a function of L2 is reported in Fig. 1c for different values of L1 with orange dots. As can be seen, the pillars produce
a phase shift from —it to m depending on the values of L1 and L2. It is worth noticing that this is not the case if the
geometry of the pillars is constrained to L1 = L2 (square pillars, black dots in Fig. 1c).

The obtained library of meta-atoms was used to discretize the phase profile (1) considering a wavelength A = 1550
nm, a lens diameter of 240 um, and focal length of 80 um, corresponding to a lens with numerical aperture NA =
0.83. The resulting structure was fabricated using electron beam lithography and dry etching (Fig. 1d). In order to
characterize the behavior of the metalens we did not use it as a beam steering device but we illuminated it with a
collimated laser beam and imaged the resulting focal spots in the x-y plane. We considered different illumination
angles and also different wavelengths in order to also characterize the broadband performance of the lens.

Figure 1e reports on the results for A = 1500 nm and A = 1640 nm and illumination angles 8 = 0°, i.e., normal
incidence, and 8 =43°. All focal spots are imaged at a fixed distance along the z axis. As can be seen, the well-defined
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spot remains almost unchanged in all the four considered cases. Under tilted illumination, its position on the focal
plane shifts, as expected, along the x axis. The displacement of the focal spot as a function of the illumination angle
is shown in Fig. 1f for sampled wavelengths across the 1500 nm - 1640 nm range. The measured displacements are
in very good agreement with theoretical predictions, reported in Fig. 1f with a dashed line for A = 1550 nm. These
results confirm the proper functionality of the metalens across the entire wavelength range and the achievement
of a wide field of view of at least +43°. Due to limitations of our experimental setup, we could not tilt the illuminating
laser beyond this limit. It should be noticed, however, that full £90° field of view has already been demonstrated
using quadratic phase profiles [8].

In order to properly characterize the broadband behavior of the metalens, two chromatic aberrations should be
considered. Longitudinal chromatic aberration causes the focal distance in the z direction to reduce at longer
wavelengths. In the considered 140 nm wavelength range, the shift is limited to 4 um. This chromatic focal shift is
overcome by the large depth of focus of the lens that causes the fixed image plane to fall within the focal tolerance
of the lens. This is confirmed by the results in Fig. 1e showing that the focal spot does not significantly enlarge or
distort because of the wavelength change. Additionally, under tilted illumination, also the displacement of the focal
spot in the x direction changes with wavelength (transverse chromatic aberration), as can be seen in Fig. 1f. For 6 =
43°, the differential displacement between A = 1500 and A = 1640 nm is 3 um. This difference is smaller than the full
width at half maximum of the focal spot, measured as 3.5 um independently of the wavelength or illumination
angle. The rather large dimension of the focal spot (a diffraction limited spot would have a full width at half
maximum of about 1 um) allows compensating also the effect of transverse chromatic aberration, ensuring the
broadband behavior of the metalens.

DISCUSSION

We have proposed and experimentally demonstrated a metalens exploiting a quadratic phase profile to
simultaneously achieve a wide field of view and broadband achromatic behavior. The silicon metalens was realized
in silicon using a fishnet structure and characterized in the 1500 nm - 1640 nm wavelength range. Under tilted
illumination, the metalens remained free of off-axis aberrations up to an angle of +43°, limited by our experimental
setup. Moreover, the relatively large depth of focus of the lens allowed compensating for longitudinal chromatic
aberration. The shift of the focal spot due to transverse chromatic aberration under tilted illumination remained
smaller than the full width at half maximum of the spot, ensuring a broadband achromatic behavior across the
entire 140-nm wavelength range. These results demonstrate that the use of quadratic metalenses has a great
potential for applications in optical beam steering.
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Carbon Dioxide Sensing with a Photonic Integrated Differential Absorption
LiDAR Transmitter
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We have designed and characterized a differential absorption LiDAR transmitter based on an
Indium Phosphide Photonic Integrated Circuit that has been fabricated through an open
access generic integration platform using standard building blocks. We demonstrate its

suitability for carbon dioxide sensing.
Keywords: differential absorption LiDAR, carbon dioxide sensing, random-modulation
continuous wave LiDAR, photonic integrated circuits, semiconductor lasers

INTRODUCTION

Remote sensing of greenhouse gases, such as carbon dioxide (COz), methane (CH4) or nitrous oxide (N2O), is
essential to control climate change. Differential Absorption LiDAR (DIAL) is the most implemented active technique
for atmospheric greenhouse gases measurements. This technique consists in launching at least two laser signals
tuned at different wavelength, one close to the center of a targeted gas absorption line and the other set away
from the same line in a region of low absorption. In this way, the gas concentration along the light path can be
obtained by measuring the different absorption that both signals have suffered.

DIAL systems are mainly based on solid state pulsed laser sources that can provide extremely high peak powers.
However, Intensity-Modulated Continuous-Wave (IM-CW) techniques have gain interest due to their low peak
power requirements which allow the use of semiconductor lasers [1]. Among these techniques, Random-
Modulation Continuous-Wave (RM-CW) technique [2] has already been implemented using discrete semiconductor
lasers [3]. It consists in modulating the intensity of both signals with a pseudorandom sequence or M-sequence,
with a delay between them. These signals are launched, and after traveling and interacting with the gas, are
backscattered by a hard target and detected at the receiver. Due to the M-sequence correlation properties,
performing the cross correlation of the received signals with the original M-sequence allows to determine the
absorption that each wavelength has suffered and, in consequence, the gas concentration and the distance to the
target. These relatively complex DIAL systems can benefit from the advantages shown by Photonic Integrated
Circuits (PICs) in terms of multiple device integration, power efficiency, small footprint and weight, low cost and
radiation hardness. Recently, a dual laser Indium Phosphide (InP) PIC operated in pulsed regime has been proposed
for carbon dioxide sensing [4].

In this contribution, we demonstrate an InP PIC as the transmitter of a RM-CW DIAL system by measuring a carbon
dioxide gas cell in a fiber setup. The PIC has been fabricated through an open access generic integration platform
using standard building blocks. We discuss its design and the performance of the different integrated devices as
well as the PIC as a whole.

DESIGN AND FABRICATION

Fig.1 shows a photograph of the fabricated device as well as its schematic. The PIC consists of three identical 4-
section DBR lasers. All lasers are designed to emit close to 1572 nm and include an internal photodiode (PD) (not
indicated) to monitor their output power. Lasers 1 and 2 are used to perform the DIAL measurement and are tuned
to A; and A, respectively. Laser REF is used together with fast PDs, PD1 and PD2, to tune and stabilize the emission
wavelength of lasers 1 and 2 by measuring their beating notes while keeping the Laser REF wavelength tuned to the
CO; absorption line through an electro-optical loop in the same way as in [3]. Therefore, the PIC contains not only
the transmitter for the DIAL system but also the optical part of the stabilization unit. The pseudorandom modulation
of each signal is implemented with electro-absorption modulators EAM1 and EAM2, respectively. Five
Semiconductor Optical Amplifiers (SOAs) are integrated to provide gain to the outputs of the PIC and to control the
output power of the different lasers. The chip has two optical outputs, one for the DIAL signals and the other for
the reference signal, denoted as OUTPUT and OUTPUT REF, respectively. On the electrical side, the PIC has twenty
DC electrical pads for providing current and voltage to the different blocks and measuring the internal PDs. In the
lower part of the PIC, four RF ground-signal-ground pads are used for modulating the EAMs and getting the beating
note signals from the fast PDs. The backside of the chip is the common ground for all DC blocks.
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Fig. 1. (a) Photograph of the developed PIC transmitter for RM-CW DIAL with a size of 4.6x1.5 mm.
(a) Schematic of the PIC.

The PIC has been fabricated by SMART Photonics through the open access platform JePPIX (Joint European Platform
for Photonic Integration of Components and Circuits). The initial design and simulations were performed using
VPIphotonics Design Suite while the final design and layout was created with Nazca Design.

EXPERIMENTAL RESULTS

We have experimentally characterized the different blocks and devices that are integrated in the PIC. The DBR lasers
are single-mode and show some degree of tunability by adjusting the current through the DBR, phase and active
sections. The full PIC is also tuned by controlling its temperature. Fig. 2 (a) shows the power-current (P-I) and
voltage-current (V-1) curves and their corresponding optical spectra map obtained using a 6 GHz resolution Optical
Spectrum Analyzer (OSA). In the upper part of Fig. 2 (a) we can observe the behavior of Laser 1 when its current is
swept. Its threshold is around 25 mA and some discontinuities and kinks are shown around 40 and 70 mA that
correspond to modal jumps. In spite of this, Laser 1 shows single mode operation in almost the complete lasing
range with a Side-Mode Suppression-Ratio (SMSR) of 40 dB. All DBR lasers behave similarly when operated
individually. When this measurement is repeated with Laser 2 switched-on, both P-I curve and spectra change
considerably as shown in the lower part of Fig. 2 (a). The Laser 1 threshold is maintained but the modal jumps
sequence has changed. We attribute this to the low isolation of the DBR lasers, due to the small reflectivity of the
front DBR sections, together with the amplified spontaneous emission from outer SOAs and residual reflectivity at
the integrated couplers. However, a detailed exploration of the different parameters unveils regions where the
whole system is stable and robust.

Fig. 2 (b) illustrates the performance of the EAMs by showing the optical spectra recorded with a high resolution
(10 MHz) Brillouin Optical Spectrum Analyzer (BOSA). The wavelength difference between both lasers is 0.13 nm
(15.8 GHz). We have noticed a linewidth increase in Laser 1 due to the current injection in the mirror sections that
have applied to tune Laser 1 respect to Laser 2. The estimated linewidth of Laser 1 is around 700 MHz, while for
Laser 2 is around 100 MHz. The extinction ratio induced by the EAMs is around 15 dB in both signals and no changes
in the wavelengths are observed.
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Fig. 2. (a) DBR lasers performance. Left: Power-current and voltage-current curves. Right: Their corresponding optical
spectra map. Upper: Only Laser 1 switched-on and sweeping its current. Lower: Laser 2 switched-on and sweeping Laser 1
current. (b) EAMs performance. Optical spectra measured for different EAM voltages.
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Fig. 3 (a) shows the experimental setup used to demonstrate the fabricated PIC for carbon dioxide sensing. The
output signals from the OUTPUT port are gathered using a lensed fiber, then the light is divided in two paths, one
goes directly to the receiver and the other is directed using a circulator to a path which includes the carbon dioxide
gas cell and a fiber spool ended with a fiber reflector. After being reflected, the light follows the path back to the
circulator which directs it to the receiver. The receiver is a PIN PD with a 200 MHz bandwidth transimpedance
amplifier. The M-sequences are generated using a System-on-Chip Field Programmable Gate Array (SoC FPGA) that
have fast ADC and DAC converters (100 MSa/s). It also digitizes the received signals and sends the data to a PC that
performs the cross-correlation. Fig. 2 (b) shows the correlation results using a 12.5 Mbit/s 8-bit M-sequence. For
this measurement, A; is tuned to the peak of the chosen carbon dioxide absorption line (1572.02 nm) while A; is
tuned off the line (1572.2 nm). The first two peaks in the cross-correlation, E; and E;, correspond to the signals that
have travelled the short path, while the two peaks, R; and R,, correspond to the signals that have travelled the path
with the gas cell. From the correlation, the Differential Absorption Optical Depth (DAOD) [3], i.e. the absorption due
to the gas, the Signal-to-Noise ratio (SNR) for the lowest intensity signal, the path optical losses difference (a) and
the path length difference (L) can be obtained. In this case, DAOD =-0.51 dB, SNR=13.2dB, a =7.6 dBand L = 1044
m, that are in agreement with the values obtained by tunable laser absorption spectroscopy performed with the
BOSA and an optical time domain reflectometer.
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Fig. 3. (a) Experimental setup for the carbon dioxide gas cell measurement that emulates a LiDAR configuration. (b) Cross-
correlation obtained averaging 50 single-sequence cross-correlations from the received signals. (c) Carbon dioxide
absorption line at 1572.18 nm measured with the PIC while changing its temperature and consequently the tuning of the
pair of signals.

CONCLUSIONS AND OUTLOOK

We have designed and characterized a RM-CW DIAL transmitter based on an InP PIC that has been fabricated
through an open access generic integration platform using standard building blocks. We have characterized the
individual integrated blocks and devices as well as the performance of the PIC as a whole. Carbon dioxide sensing
with our PIC has been demonstrated by measuring a gas cell in a fiber setup. Next steps include implementing the
wavelength stabilization unit and performing a real scenario measurement of atmospheric carbon dioxide.
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We demonstrate a hybrid photonic integrated laser that exhibit intrinsic linewidth of 25 Hz,
while offering megahertz actuation bandwidth with the tuning range larger than 1 GHz,
attained by a DFB laser self-injection locking to a high-Q Si3N4 microresonator with high
confinement waveguides and AIN piezoelectrical actuator, allowing both single line
operation and microcomb generation. We develop a compact FMCW LiDAR laser with
triangular chirp optical signals at a rate up to 1 MHz and perform optical ranging in lab
environment without requiring any linearisation.

Keywords: FMCW LiDAR, hybrid integrated lasers, silicon nitride, self-injection-locking

INTRODUCTION

Low-noise lasers are of central importance in a wide variety of applications, including high-spectral-efficiency
coherent communication protocols, long-distance coherent light detection and ranging (LiDAR) and distributed
fibre sensing. In addition to low phase noise, the ability to achieve high bandwidth actuation of the laser frequency
is imperative for carrier recovery in coherent communications and triangular chirping for frequency-modulated
continuous-wave (FMCW) based ranging. While there has been major progress in the development of
heterogeneously integrated silicon based lasers — now commercially employed in data centres — that leverage
CMOS wafer scale manufacturing, integrated lasers with lowest phase noises are based on optical feedback from
components that do not possess fast frequency tunability, thus resulting in the lack of frequency agility. Applying
the technique of self-injection locking to ultra low loss SisN4 photonic integrated circuits has enabled hybrid
integrated lasers with Hz-level Lorentzian linewidth, that have showed steady improvements. A particularly
interesting application for integrated photonics based low noise lasers is coherent FMCW LiDAR. Recently,
autonomous driving and areal mapping has increased the interest in such sources and a fully hybrid integrated low-
noise, high and frequencyagile source could hence unlock further applications of coherent FMCW LiDAR. Laser
phase noise limits the maximum operating distance and ranging precision in FMCW LiDAR. However, a key
requirement for FMCW at long range is in addition to low phase noise, frequency agility, i.e to achieve fast, linear
and hysteresisfree tuning.

RESULTS

The hybrid laser system comprises a laser chip with a distributed feedback (DFB) structure and a SizN4
photonic chip in which a microring resonator and an AIN piezoelectrical actuator are integrated (Fig. 1(a-
¢)). The SisN4 microresonator and the bus waveguide are fabricated with the photonic Damascene reflow
process [1], showing an intrinsic quality factor of Qo>20 millions. Made from polycrystalline AIN (Fig 1
(d)) as the main piezoelectric material, the piezoelectric actuator has molybdenum (Mo) and aluminium
(Al) as the bottom electrode (ground) and the top electrode, respectively [2]. The DFB laser diode that is
directly butt-coupled to the photonic chip is operating at central wavelength of 1556 nm with output power
of 40 mW in free running regime. The gap between the laser chip and the microresonator is adjusted for
optimal feedback phase [3], yielding the maximum locking range and the highest noise suppression rate of
more than 35 dB. Figure 1(e) shows the frequency noise spectra of the laser in free-running regime and
self-injection-locking to resonators with distinct FSRs of 190, 10 and 2 GHz, respectively. At frequencies
above 1 MHz, the laser frequency noises reaches under 8 Hz?/Hz, and the optical cross-correlation-based
characterisation allows us to confirm the laser intrinsic linewidth is below 25 Hz.
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The frequency noise power spectral density was found to be in good quantitative agreement with
fundamental thermo-refractive noise (TRN) limit of the microresonator at mid range offsets from 5 to 100
kHz. Thus, we demonstrate using high confinement SisN4 platform the laser performance limited by
thermorefractive noise, which has only been shown in SizN4 low confinment waveguides. We note that this
intrinsic linewidth can be further reduced by using microresonators with even larger optical mode volume
and therefore reduced TRN.

By tuning the voltage applied to the AIN actuator we tune the cavity resonance. By maintaining diode
current at fixed value corresponding to the center of the self-injection locking range, we sweep the laser
frequency. With the AIN actuators engineered based on novel contour mode cancellation and differential
drive schemes, the microresonator resonance can be frequency-modulated via the stress-optical effect with
a flattened bandwidth up to 1 MHz. We demonstrate optical carrier that is triangularly chirped with
frequency excursion 1.2 GHz at rates up to 800 kHz with a deviation from a linear chirp less than 1 %
(Fig.1 (f)). The versatility permitted by the outstanding optical and mechanical properties of the system
allows us to demonstrate low-cost FMCW LiDAR engine with 12.5 cm resolution and 100 kpixel/s rate
and perform an optical ranging experiment in the lab.

We investigate the reduction of tuning voltage requirement by introducing an integrated piezoelectric
actuator based on lead zirconium titanate (PZT).
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Fig. 1. (a) Principle of laser linewidth narrowing via laser self-injection locking. The laser frequency tuning is realised by applying
a sweeping electrical signal on the AIN actuator that is monolithically integrated on the SizN4 microresonator. (b) Optical
micrograph showing the DFB laser butt-coupled to the SisN4 photonic chip. (c) Material stack of the device. (c) Photo of the
hybrid laser. (d) Material stack of the device. (e) Frequency noise spectra of the hybrid integrated laser system using
microresonators with different FSRs. Inset: comparison to commercial ECDL and fiber lasers. (f) Time-frequency spectrograms
of the heterodyne beatnotes for different chirp frequency. Bottom row: Residual of least squares fitting of the experimental
time-frequency traces with a lineartriangular chirp pattern.

As an actual demonstration of the potential of the hybrid integrated laser, we perform optical FMCW LiDAR mapping
in the laboratory environment. Importantly, we can - due to the excellent linearity, low hysteresis, and narrow
linewidth — perform ranging without any adaptive clock sampling and without pre-distortion linearization.

DISCUSSION

The approach is based on foundry-ready processes that include photonic integrated circuits based on SisN4
as well as AIN and PZT MEMS processing, and is therefore amenable to large-volume manufacturing. The
combination of narrow linewidth (kHz level) along with the fast and flat actuation response, makes the
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source ideally suited for medium to long-range coherent LiDAR, as required for autonomous driving, drone
navigation, or industrial and terrain mapping. The combination of low noise and fast on chip tuning,
alleviates the need for external components such as AOMs or single sideband modulators for fast frequency
actuation, and may also find use in other areas such as locking of lasers to reference cavities, or atomic
transitions - where a tight lock is required, and can be achieved with a high actuation bandwidth as
demonstrated here. In addition, while our lasers were demonstrated at 1556 nm, the center wavelength can
be readily extended to other ranges, including the near IR and mid-infrared, due to the transparency of
Si3Na4.
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This work investigates the effects of the saturable absorber on the linewidth enhancement
factor of hybrid silicon quantum dot comb lasers, which is a key parameter involved in
frequency comb generation. Experiments have been performed on two carefully chosen laser
devices sharing the same gain material and cavity design, with and without saturable
absorber. The results unveil that the increase of the reversed bias on the absorber drives up
the linewidth enhancement factor, which gives birth to the comb spectrum. This paper brings
insights on the fundamental aspects of comb lasers and provides concepting guidelines of
future on-chip light sources for integrated wavelength-division multiplexing applications.

Keywords: Quantum dots, frequency combs, linewidth enhancement factor, silicon photonics

INTRODUCTION

The recent years have seen a great increase in data transfer for smaller and smaller distances, in particular for High
Performance Computing (HPC) systems where it reaches several petabits per second between the memory and the
different compute nodes. These optical interconnects rely on on-chip wavelength-division multiplexing (WDM) to
transmit the data through multiple separately modulated channels at once, in order to vastly improve the transfer
speed. Although this approach can be achieved using one single-wavelength laser per channel, it is not very suitable
for silicon based integrated photonics circuits (PICs) as it results in a larger footprint and energy consumption. On
top of that, it is also associated to a lower stability since WDM requires all modes frequencies to stay equally spaced.
Therefore, a better solution consists in using a single laser with a quantum dot (QD) active region producing an
efficient optical frequency comb (OFC) wherein the phase of each line cannot shift independently from the others?.
Furthermore, the ultimate carrier quantization within the QDs provides lasers with an exceptional thermal stability,
along with a large gain bandwidth and a narrow linewidth® which is desired in OFC. On the first hand, the linewidth
of each comb line is linked to the phase noise and can be reduced through the linewidth enhancement factor (on-
factor), while on the other hand, the operating comb bandwidth directly scales with the magnitude of an-factor *°.
As a consequence of that, the optimization of the comb properties requires a careful understanding of the ax-factor
in particular, when a saturable absorber (SA) is incorporated in the device. In this work, we are experimentally
looking at this concern in two hybrid silicon InAs/GaAs QD comb lasers. The lasers share the same gain material,
but possess slightly different cavity designs hence one has a SA section and the other does not. We believe that this
paper brings further insights on comb lasers which is of paramount importance for future on-chip light sources for
integrated WDM applications in data centers and in supercomputers.

LASER STRUCTURE

The multi-section cavity design of the devices is shown schematically in Figure 1(a). The structure consists of a 2.6-
mm-long cavity that has mirrors with 50% reflectivity on one side and 100% on the other, and a 1.4-mm-long active
region is placed in the center. The semiconductor optical amplifier (SOA) section incorporates 8 layers of QDs, and
one of the two lasers has a 176-um-long SA positioned in the middle in order to favor the frequency comb operation.
Mode converters ensure the optical mode transfer from active waveguide down to the passive Si waveguide and
the output light is coupled out through a grating coupler (GC).

The integration on silicon is realized by wafer-bonding an unpatterned InAs/GaAs QD wafer to a Silicon-on-Insulator
(SOI) wafer already patterned with the Si passive devices. The QD material is then etched and the p- and n-contacts
are deposited, using standard IlI-V processing techniques. More information about the epitaxial structure can be
found elsewhere®’.

4 - 6 May 2022 - Milano, Italy - 23 European Conference on Integrated Optics

147



T.C.2

®
i ——no SA
(a) — o0y (b)
= o] Vg =2V
R=100% L =2.566 mm (~16 GHz) R=50% = Vo=av
— — 'sA
l @ S [ Vean sV
/ =
GaAs*  spA SA SOA S o
o Lsoa = 1200 GG °
A son = LT M I
Lsa = 176 um o

0 50 100 150 200 250
Current (mA)

=201

(c)

Power (dBm)
B
o
Power (dBm)
A
(=]
Power (dBm)

1290 1295 1300 1290 12985 1300 1292 1294 1296 1298 1300
Wavelength (nm) Wavelength (nm) Wavelength (nm)

Fig. 1. (a) Schematics of the laser design. SOA: semiconductor optical amplifier; SA: saturable absorber; GC: Grating Coupler;
DC: directional coupler. (b) LI characteristics of the two lasers at 20°C. (c)(d)(e) Optical spectra of the two lasers at 2x I, and
20°C.

Figure 1(b) shows the LI characteristics of both lasers at room temperature (20°C), with applied voltages of Vsa = 0V,
-2V, -4V and -5V for the SA. The threshold current I, increases from 23 mA to 27 mA when the SA voltage goes
from OV to -5V, while the laser without SA has a threshold at 16 mA. The higher threshold is due to the increased
internal loss coefficient in the SA. The optical spectra depicted in Figure 1(c), (d) and (e) show the evolution of the
frequency comb at room temperature (20°C) for the laser without SA and for the other one at Vsa = OV and -5V.
Both lasers are pumped at 2 X I;;,. Under these conditions, the emission wavelength is centered around 1292 nm,
1296 nm and 1297 nm, respectively. At a -5V reverse voltage condition, the comb spectrum takes place with 15

lines above noise floor, and with 6 lines within the -10 dB bandwidth.

RESULTS AND DISCUSSION

The impact of the SA on the ax-factor of the laser can be better understood by tracking the modal wavelength shift
below threshold. The ax-factor has often been measured in mono-section devices under straightforward biased
condition whereas for reverse biased SAs it has not been extensively studied or measured despite the importance
to understand its magnitude in SAs. The an-factor is measured from the Amplified Spontaneous Emission (ASE)% L.
Its extraction is performed by capturing a set of optical spectra below and above the laser’s threshold with a high-
resolution (10 pm) optical spectrum analyzer (OSA), and then by calculating the differential gain Ag /Al and the
wavelength shift A1/AI for each longitudinal mode. A correction for the thermal red-shift is taken into account
using the above threshold spectral®. Finally, the ax of each comb line is retrieved through the expression®1011

_ AnmAA/A] 1
=T ag/al M

where n is the effective group index, A the photon wavelength, and g the net modal gain.

Figure 2(a) shows the wavelength shift AA with respect to the normalized current I /I, for one mode in each laser.
Without SA, the wavelength is found slightly blue-shifted below threshold and red-shifted above due to thermal
effects. However, when the SA is included (assuming Vsa = 0V), the wavelength is found redshifted with increasing
the pump current even from below threshold. This thermal load is also retrieved at any other reverse voltage
conditions. Therefore, the saturation of the absorber is connected with the thermal heating of the device.

Figure 2(b) displays the threshold value of the linewidth enhancement factor for each condition on the SA studied
in this work. This value is taken as the mean of the an-factors of a few modes around the first lasing mode, which is
to say the mode with the highest intensity just above threshold. As the two lasers have the same design, the
difference in the an-factor is only due to the presence of the SA. First, the orange triangle represents the laser
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without SA. Therefore, the measured value at 0.9 reflects the an of the sole nominal gain section. In the open circuit
(OC) configuration, the laser with SA exhibits a an-factor of around 1, hence slightly higher than the one without.
At higher reverse voltages, it slightly goes up monolithically until a sharp increase occurs around -4V, up to ~2.5 for
Vsa = - 5V. This threshold effect is concomitant with the birth of the comb lines displayed in Figure 1(c). Note that
this phenomenon has already been observed in other similar devices*. This result somewhat illustrates the interplay
between this device parameter governing many coherent processes in semiconductor lasers, and the frequency
comb operation.
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Fig. 2. (a) Wavelength shift AA with respect to the normalized current I/l for the laser without SA and for the laser with SA at
Vsa = OV. (b) The mean value of the ay-factor for a few modes around the first lasing mode at different SA conditions. OC: open
circuit.

CONCLUSION

In this work, the influence of the SA on the linewidth enhancement factor is studied in multi-section hybrid silicon
QD lasers. The experiments unveil that, the introduction of the SA enhances the an-factor of the device especially
when the comb spectrum is formed at higher reverse bias conditions. Here, we present an experimental
demonstration of a QD comb laser, confirming the predicted key role of the ax-factor in the formation of the
frequency comb dynamics. These results gained deeper insights on the underlying physics of multi-section comb
lasers and thus provide further guidelines for the conception of future on-chip multi-wavelength light sources in
integrated WDM applications.
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We report low phase noise tenfold frequency multiplication based on an InP monolithically
integrated optical frequency comb (OFC) generator, made by a DFB laser and cascaded optical
modulators. The tenfold multiplied signal at 26 GHz, useful for 5G New Radio applications,
provides a remarkably low phase noise, equivalent to the radio frequency generator used as
an electrical source for the OFC at the same RF power.

Keywords: mm-waves, optical frequency comb generation and InP monolithic integration.

INTRODUCTION

Millimeter-wave signals with high spectral purity and low phase noise (PN) are mandatory in several scenarios, such
as wireless communications, radar, and spectroscopic sensing [1]. In these applications, electronic synthesized radio
frequency (RF) generators are used, especially for generating signals in the mm-waves range, even if they are
typicallybulky and expensive. To overcome these issues, several techniques for the generation of low-phase-noise
and frequency-tunable mm-waves implemented in the optical domain have been proposed, such as external
modulation, optical injection locking, and optical phase-lock loop [2]. In particular, external modulation based on
phase modulators (PMs) and Mach-Zehnder modulators (MZMs) has demonstrated potential to provide generation
and frequency multiplication with low phase noise, offering large flexibility in terms of selection of both wavelength
and frequency repetition rate [3]. In this context, a photonic integrated optical frequency comb (OFC) generator
based on cascaded modulators monolithically integrated in an Indium phosphide (InP) platform has been recently
reported [4, 5]. In this contribution, we experimentally demonstrate low-phase-noise mm-waves generation based
on the integrated optical frequency comb. More in detail, we show that the OFC-based tenfold multiplied signal
obtained at 26 GHz is suitable for 5G New Radio (NR) wireless transmission, providing remarkably low phase noise,
equivalent to the one generated by the commercially available RF generator used as comb driving source.

DEVICE DESCRIPTION, EXPERIMENTAL SETUP AND RESULTS

Fig. 1(a) shows a schematic of the InP photonic integrated circuit characterized in [4, 5] and implementing the
optical frequency comb generator. The device has been integrated in an Indium Phosphide multi-project wafer run
exploiting a generic integration platform. An on-chip distributed Bragg reflector laser diode (DBR-LD) is used as a
continuous-wave (CW) light source, while an external laser coupled to the PIC input waveguide through a spot-size
converter (SSC) can also be employed. The CW signal from either source enters a 2x2 multi-mode interference
(MMI) splitter, which sends the divided signals to a monitor output or toward a dual-drive Mach-Zehnder
modaulator. In detail, the MZM is composed of a 1x2 MMl splitter, two 1-mm-long PMs, and a 2 X 1 MMI employed
as an optical combiner. The phase modulators, exploiting the quantum-confined Stark effect, have a 3-dB
bandwidth of about 7 GHz and a V= of about 5 V. The signal then crosses a series of two further 1-mm-long PMs.
Finally, the signal is amplified by a 500-pum-long multi quantum-well SOA and then, coupled to the output fiber
through another SSC. A high numerical aperture fiber array is aligned at the chip edge by means of a micro-
positioner, minimizing coupling losses due to misalignment. The PIC has been mounted on a metal chuck and
connected through wire bonds to a custom-designed printed circuit board (PCB) where four RF ports drive the phase
modulatorsand five DC ports feed the DBR sections and the SOA. The chip on the metal chuck surrounded by the
PCB is depicted in Fig. 1(b): the footprint is around 4.5x2.5 mm?, limited by design constraints concerning the
orthogonal placement of PMs and gain sections. The PCB with SMA RF interfaces and the general purpose
input/output (GPIO) DC interfaces is shown in Fig. 1(c).
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Fig. 1. a) Integrated comb generator PIC schematic. b) Picture of the fabricated PIC (Footprint: 4.5x2.5 mm?). c) PIC-PCB
assembly. d) Experimental setup for comb generation test.
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Fig. 1(d) reports the block diagram of the proposed low-phase-noise tenfold frequency multiplication based on an
integrated OFC. A 43-GHz RF generator (Keysight E8267D PS) provides a 25 dBm electrical carrier centered at
2.6 GHz, which is equally divided in four by means of an electrical splitter. The phase of each branch is controlled
by mechanical delay lines, enabling a proper adjustment on the temporal phase alighment among the PMs, which
directly impacts the OFC spectral flatness. Afterward, bias tees have been used for combining the electrical carriers
with the required DC bias voltage, feeding the PMs through SMA connectors. In order to achieve a large number of
comb lines and enhance the comb flatness, the PMs have been driven with Vr multiples, whereas the MZM has
been polarized around V. The integrated DBR laser and the SOA currents have been set to 70 mA and 55 mA,
respectively. At the PIC output, the power of the optical frequency comb was about -6 dBm. The signal has been
then split in two ways: 1% optical power was monitored by an optical spectrum analyzer (OSA), whereas the
remaining optical power (99%) reached an Erbium-doped fiber amplifier (EDFA) and then a high-speed
photodetector. The EDFA has been used to monitor and control the optical power, ensuring 2 dBm optical power
at the photodetector input. Since conventional optical spectrum analyzers cannot resolve the comb spectrum, we
have used a heterodyne detection technique to reconstruct the optical spectrum. Results are reported in Fig. 2(a),
where the 2.6 GHz spaced optical frequency comb centered at 193.5 THz is shown. The optical tones extend from
193.4 THz up to 193.6 THz. More in detail, there are 19 tones within a 10 dB intensity range from the maximum
optical power level, characterized by an optical signal-to-noise ratio (OSNR) larger than 40 dB. Considering the
whole comb and the noise floor around -60 dBm, 49 tones show an OSNR larger than 20 dB, whereas 36 tones
present an OSNR beyond 30 dB. Therefore, the OFC is suitable for generating mm-waves signals on a wide spectral
range.

The phase-stabilized optical frequency comb lines have been converted into a set of electrical tones by means of a
74-GHz bandwidth photodetector and measured by a 43-GHz electrical spectrum analyzer (ESA). A stable electrical
comb with 2.6 GHz repetition rate can be appreciated over the entire frequency range, as shown in Fig. 2(b). In
addition, a high signal-to-noise ratio (SNR) can be observed for all generated harmonics. Therefore, after the
photodetection process, the electrical carriers can be properly separated and employed in specific applications,
depending on the desired frequency range. Considering a tenfold frequency multiplication, a high spectral purity
mm-wave electrical carrier can be noted at 26 GHz. We have used a 1-dB insertion loss band-pass filter (BPF) with
1-GHz bandwidth centered at 26 GHz for isolating the single harmonic and improving the spectral purity, as
presented in the inset of Fig. 2(b), since this frequency range has been standardized for 5G mm-wave applications.
As expected, the electrical filter selected only the 26 GHz signal, demonstrating a high spectral purity and a
significant electrical power of -34 dBm.
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Phase noise measurements are essential in communication systems, enabling to precisely characterize the
frequency stability of systems and oscillators. In order to validate the low-phase noise tenfold frequency
multiplication based on an integrated OFC, we have measured the OFC-based signal phase noise and compared
with the one of the low-noise electrical RF generator used to generate the optical frequency comb. Fig. 2(c) reports
the phase noise measurements at 2.6 GHz and 26 GHz for both the electrical RF generator and the optical one. The
monolithically integrated OFC source provides phase-stabilized optical lines and, as a consequence, frequency
multiplication with low phase noise. Considering the 26 GHz signals, measured phase noise is around -50 dBc/Hz
and -80 dBc/Hz for 10 Hz and 1 kHz offset, respectively. This remarkably low phase noise is comparable to the one
of commercially available electrical RF generator for the same RF power. Regarding the fundamental frequency (2.6
GHz), a similar phase noise response can be appreciated, with -70 dBc/Hz and -90 dBc/Hz for 10 Hz and 1 kHz offset,
respectively. Therefore, it is noteworthy that the InP integrated OFC is suitable for implementing, in a compact and
low power device, RF frequency multiplication up to mm-waves, with a phase noise equivalent to the one of the
low noise bulk electric RF generators i.e., without adding any significant phase distortion.
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Fig. 2. a) 2.6 GHz optical frequency comb at the PIC output b) 2.6-GHz electrical comb at the photodetector output; in the inset
the filtered tone at 26 GHz. c) 2.6 GHz and 26-GHz phase noise comparison between OFC-based signals and the commercial RF
generator.
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We demonstrate a hybrid LiNbOs-SisN4 photonic integrated platform with a propagation loss
of 8.5 dB/m at wafer-scale for various devices. The platform exhibits low fiber-to-chip
insertion loss, high power handling, and precise lithographic control.

Keywords: hybrid integration, thin-film lithium niobate, silicon nitride, electro-optics,
microresonators, nonlinear photonics

INTRODUCTION

Recent breakthroughs in thin-film lithium niobate on insulator (LNOI) have enabled low-loss photonic integrated
circuits (PICs) based on LiNbOs [1-2]. Excellent physical properties together with commercial availability have made
this material extremely compelling for the photonics community. Despite the achievements to date, widespread
adoption of LiNbOs integrated photonics is still impeded by several key issues such as CMOS compatibility, wafer-
scale yield, and edge fiber-to-chip coupling [3]. As an alternative to conventional bulk LiNbOs and ridge waveguide-
based photonic devices, hybrid platforms emerged recently, combining thin-film LiNbOs with waveguides made of
Si, SisN4, or Ta20s [4-5]. However, direct wafer bonding at the wafer-level was not achieved (only small chiplets
were used), and the approaches could not retain the ultra-low propagation losses of SisN4. Here we overcome the
challenges mentioned above and demonstrate a high-yield, low-loss, integrated LiNbOs photonic platform with
efficient edge coupling that harnesses the mature SisN4 PDK and endows the platform with selective electro-optic
functionality.

RESULTS

Fig. 1. (a) Full wafer bonding approach illustration. (b) Optical mode profile in the hybrid structure. (c) SEM cross-section of a
resulting hybrid waveguide. (d) Wafer map of microresonator resonance linewidth distribution. (e) Examples of one resonance fit
and statistical analysis of more than 500 resonances linewidth. (f) Electro-optical frequency comb generation in a hybrid
microresonator.

The process flow of our hybrid PIC starts with the fabrication of Si3N4 PIC based on the photonic Damascene process
[6]. As depicted on Figure 1(a), all the photonic designs are imprinted on the SisN4 layer and therefore the process
does not depend on the LiNbOs etching. The photonic Damascene process used for the donor silicon nitride wafer,
has several particular advantages, in particular a flat wafer surface planarized with CMP for heterogeneous
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integration. After planarization, a commercially available LNOI wafer is bonded with subsequent substrate removal.
The resulting waveguide cross-section and optical mode distribution are depicted on Figure 1 (b)-(c). The mode is
partially confined in the slab LiNbOs layer, while the SisN4 layer serves for guiding the optical signal. In the current
configuration, we use 300 nm LiNbOs layer bonded to 950 nm thick silicon nitride layer with a silica interlayer of
approximately 100 nm between two materials. The silica layer is used to maintain homogeneous and flat surface of
the donor wafer for the wafer-scale bonding. With the waveguide width of 1.8 um, this configuration gives
approximately 12% of the optical mode in lithium niobate. One of the advantages of lithium niobate heterogeneous
integration is that fiber to chip coupling can be achieved via the SisN4 layer, which offers low insertion loss. In order
to increase the coupling efficiency, we remove lithium niobate from the chip facet regions and achieve in total 18%
fiber-to-fiber transmission.

Fig. 2. (a) Experimental schematic for supercontinuum generation in a x(2), x(3) LiNbOs waveguide. (b) Photo of the
supercontinuum process in experiment. Blue and Green light corresponds to higher harmonic generation. (c) Total output
spectrum for different incident (in waveguide) power levels Py (Pway). (d) feeo beatnote and frep=100 MHz repetition rate beatnote,
detected at Pyq,=28 mW.

To illustrate the versatility, lithographic precision, and yield of our process, we fabricate a reticle with a variety of
devices. We study optical losses by measuring intrinsic linewidth of hybrid microresonators with 1 mm radius. The
wafer map of mean linewidth values is depicted in Fig. 1(d). Some of the wafer areas show 45 MHz linewidth, which
corresponds to quality factors of Q = 3x10° and approximately 8.5 dB/m linear optical loss value. Importantly this
corresponds to not a single issolated resonance, but to a statistical ensemble of more than 500 resonances (cf. Fig
1(e)). We also use the same microring resonators combined with metal electrodes for electro-optic frequency comb
generation [7]. Even though the electro-optic coupling is limited in our case by the mode participation in lithium
niobate (around 12% in this experiment), we observe a broad comb with 60 sidebands within a 25 dB span (cf Figure
1(f)). This is achieved due to ultra low losses of our structure combined with flat integrated dispersion. With a
further geometry optimization, there is only a minor reduction in electro-optic efficiency (2xVxL product) in
comparison to approaches using ridge waveguides, while enabling lower propagation losses on wafer-scale,
independent on quality of the LiNbOs etching [8].

Besides electro-optics, the low loss of our platform is also a key for nonlinear photonics applications. We
demonstrate supercontinuum generation with combined x*? and x® nonlinear optical processes using the hybrid
waveguides, as shown in Fig. 2(a). We observe octave-spanning supercontinuum generation mediated by the x©
nonlinearity, together with simultaneous second harmonic generation (SHG) due to optical field in LiNbO3 [9]. As
shown in Fig. 2(d), we obtain the fundamental repetition rate of the supercontinuum as well as the fceo in the RF
spectrum, which shares similar laser noise as the seed mode-locked laser input.

DISCUSSION

To sum up, we demonstrate a novel, hybrid LiNbOs and SisN4 photonic integrated circuit using direct wafer bonding.
The high yield and wafer-scale nature of the process enables complex photonic architectures relying on low optical
loss and high-speed optical modulation, and enables LiNbOs to be confined in regions of interest on the chip (e.g.
as modulators).
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Mid-Infrared Supercontinuum Generation in a Tapered SiGe/Si Waveguide
for Multi-Species Gas Spectroscopy
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We report the experimental generation of a broadband and flat mid-infrared supercontinuum
in a silicon-germanium-on-silicon inverse tapered waveguide. The supercontinuum extends
from 2.4 to 5.5 um, only limited by the long wavelength detection limit of our spectrum
analyzer. We exploit the enhanced flatness of our supercontinuum for a proof-of-principle
demonstration of gas spectroscopy of water vapor and carbon dioxide.
Keywords: Mid-infrared, nonlinear optics, supercontinuum, spectroscopy

INTRODUCTION

Mid-infrared (MIR, from 3 to 13 um) supercontinuum (SC) sources are of great interest for high precision and high
throughput spectroscopy [1,2]. The MIR band is known as the molecular fingerprint region. Many important
molecules (e. g. pollutants and greenhouse gases) have fundamental roto-vibrational modes absorbing in the MIR
region. Therefore, molecule detection and spectroscopy in the MIR can have orders of magnitudes higher sensitivity
than in the near-infrared and visible regions, where only weak overtones of the fundamental absorption lines are
present. However, commercial MIR technology is still relatively bulky and expensive. The last ten years have seen a
quest to develop compact and cheaper sensing and spectroscopic devices with high performances. An integrated
MIR SCis an ideal source for such devices, since it can provide broadband, fast, and high resolution measurements.

Germanium-based waveguides are particularly interesting for integrated MIR SC generation, since they combine a
wide transparency window in the MIR (up to 8.5-13 um, depending on the germanium content) [3], and high
nonlinearity [4]. In addition, the use of group IV materials is particularly important for future commercial
applications, since it allows to leverage the well-developed microfabrication technologies of the electronic industry
for cost-effective mass production of the final devices. In the last years, we have demonstrated SC generation in
silicon-germanium and pure germanium waveguides [5,6], as well as the ability to control the properties of the
generated SC [7-9]. SC generation in silicon-germanium waveguides covering the entire molecular fingerprint
region has also been demonstrated [10]. The properties of the generated SC strongly depend on the group velocity
dispersion profile of the underlying waveguide. Typically, a waveguide pumped in the anomalous dispersion region
generates a broader SC with, however, low spectral flatness and poor coherence. On the other hand, high spectral
flatness and coherence can be achieved in a waveguide operating in the all-normal dispersion regime, but at the
cost of reducing the SC bandwidth. High resolution, multi-species parallel absorption spectroscopy would greatly
benefit from a SC that combines high spectral flatness and a broad spectral coverage, i.e. from a design that allows
to overcome this trade-off.

Here, we employ an air-clad silicon-germanium on silicon (SiGe/Si) two-stages inverse-tapered waveguide to
enhance the efficiency, the spectral flatness, and the spectral coverage of our SC. We harness the spectral quality
of our SC for a proof-of-principle demonstration of parallel free-space spectroscopy of water vapor and carbon
dioxide.

RESULTS

Our waveguide consists of a 3.3 um thick air-clad Sio.Geo.s core on a silicon substrate (fig. 1a). At the input side, the
waveguide is 3.25 um wide and has a 3 mm long straight section, followed by an inverse-tapered section which
increases the waveguide width up to 9 um at the output side. The small cross straight section at the input enhances
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Fig. 1. (a) Schematic of the tapered SiGe/Si waveguide. (b) Dispersion profile for selected waveguide widths.

the efficiency of the nonlinear spectral broadening, which is maximized by the anomalous dispersion profile (fig.
1b, blue curve). The inverse-tapered section enables to continuously shift the position of the two zero dispersion
wavelengths (fig. 1b), and therefore the spectral location of the generated dispersive waves, resulting in a flat and
broadband spectrum.

Figure 2a shows a schematic of the free-space experimental setup. We pumped the waveguide at 3.9 pum, in the
anomalous dispersion regime (fig. 1b, blue curve), with 200 fs TE polarized pulses at 63 MHz repetition rate and 60
mW average power, delivered by a tunable Optical Parametric Amplifier (OPA, Hotlight Systems MIROPA-fs). We
used a set of two polarizers and a half wave-plate to control the input power and polarization. Light was coupled to
the waveguide and the output was collected with the help of two MIR lenses, a visible camera (Dino-lite) and a MIR
camera (Lynred). The top part of figure 2b shows the generated SC, recorded using an Optical Spectrum Analyzer
(OSA, Thorlabs OSA205) sensitive from <2 um to 5.5 um. The SC extends over more than an octave, from 2.4 to 5.5
pum. The extension at the long wavelength side is limited by the detection band of our spectrum analyzer. Numerical
simulations show that the SC could reach 7.8 um wavelength. The continuous spectral shift of the zero dispersion
wavelengths, and therefore of the dispersive waves, given by the waveguide tapering results in the filling of the 2.4-
3 um and 6-7.8 um spectral regions, leading to a flatter SC in the tapered than in waveguides with constant width
(the spectra recorded for the latter are not shown here).
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Fig. 2. (a) Schematic of the experimental setup. (b) Experimental SC (top), absorbance of water vapor (bottom left) and carbon
dioxide (bottom right) as retrieved from the measured spectrum (blue) and from the HITRAN database (red). The latter was
inverted for clarity.
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The absorption from water vapor and carbon dioxide in the 55 cm long free-space path between the waveguide
output and the spectrum analyzer (see fig. 2a) are clearly visible in the spectrum. In particular, the increased flatness
given by out tapered design at the blue end of the spectrum leads to better resolution of the dips due to water
absorption at around 2.7 um. Similar dips are also visible at around 4.2 um due to the absorption from COz. The
bottom part of figure 2b shows the absorbance of water (left) and carbon dioxide (right) as retrieved from our
measurements (blue) and compared to the HITRAN database (red). The agreement is relatively good, and it is
limited by the resolution, of our spectrum analyzer. We can notice that, in the case of CO2, we obtain the double
branch absorption spectrum typical of roto-vibrational modes in linear molecules. In the case of water, which is not
a linear molecule, the absorption lines have a more complex pattern.

CONCLUSION

In conclusion, we have demonstrated efficient MIR SC generation in a SiGe/Si waveguide. The waveguide was
designed to generate a broadband and flat spectrum. We harnessed the spectral quality of our SC for a proof-of-
principle demonstration of multi-species parallel gas spectroscopy.
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The use of photonic crystal (PhC) structures for the creation of single-channel bimodal
interferometric structures allows using the interesting dispersive properties of these periodic
structures to improve the performance and to reduce the final footprint of the devices. These
structures have been validated for modulation, sensing and switching applications.
Keywords: photonic crystals, bimodal interferometry, slow-wave, modulator, sensor, switch

INTRODUCTION

Interferometers are key elements for the development of a wide range of optical components such as modulators,
switches or sensors comprising today’s photonic integrated circuits (PICs). Their operation is based on their ability
to convert refractive index changes occurring either within the structure itself or in its surroundings into a relative
phase change between the modes propagating along the interferometer’s paths. An interesting property of these
structures is that their performance can be improved simply by increasing their length; however, this also implies
that they might have a large footprint that hinders their final integration level. An alternative approach to reducing
the footprint of an interferometer is by using a bimodal scheme [1], where a single optical waveguide is properly
designed in order to simultaneously support two propagating modes having a different propagation constant as
well as a different interaction with the structure and with its surroundings. These bimodal waveguides allow
reducing the footprint of the device simply due to the fact that only a waveguide is required to perform the
interferometry instead of two separated paths as happens in typical interferometric configurations. However, long
structure lengths will still be required in order to obtain a good performance.

An alternative approach that has been recently proposed in order to significantly reduce the total footprint of
interferometric devices consists on creating photonic crystal (PhC) based bimodal structures. By properly designing
a PhC waveguide, several propagating modes can be excited on it for the wavelength region of interest. But more
interestingly, the structure can be tuned for these modes to work in the so-called slow-wave regime appearing at
the edges of the photonic bandgaps (PBGs) of the structure. The dispersion properties of these regions, where the
group velocity of the propagating mode tends to zero, will be translated into a significantly higher phase change
when a variation of the refractive index is produced, thus significantly improving the performance of the
interferometer and reducing the required length. Additionally, we can also act on the dielectric distribution of the
PhC structure in order to control the field distribution of each propagating mode, thus leading to an optimal
interaction of the modes with the regions where the refractive index change is expected to be produced.

PhC-BASED BIMODAL INTERFEROMETER FOR MODULATION AND SENSING APPLICATIONS

We have designed a 1D PhC structure having a bimodal behavior for the spectral range corresponding to the
vicinities of the PBG created due to the anti-crossing produced between the first and the second TE modes with in-
plane even symmetry in the structure (see Fig. 1a) [2]. By properly designing the PhC structure, a very high group
index difference between both excited modes can be obtained if one of them is in the slow-wave regime (in this
case, the second order mode), thus leading to a dramatic increase in the phase sensitivity. The interferometric
response of this bimodal PhC configuration has been experimentally confirmed (see Fig. 1b and 1c), also observing
that the interference fringes get closer and narrower as we move towards the slow-wave region of the second order
mode due to the increase of its group index (see Fig. 1d).
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Fig. 1. (a) Dispersion diagram of the 1D PhC structure for the in-plane even parity bands of TE polarization (blue - first order
mode / red - second order mode). The green shaded area depicts the bimodal region, where two modes with two different
propagation constants are excited. (b) Experimental transmission spectrum for one of the fabricated bimodal 1D PhC
interferometric structures comprising N= 400 periods (length 148 um). (c) Scanning electron microscope (SEM) image of the
fabricated bimodal 1D PhC interferometric structure, where an access rectangular taper is created to properly excite both
modes. (d) Group index of the second order mode experimentally obtained from the interference fringes observed in the
measured spectrum.

This bimodal 1D PhC interferometer structure has been experimentally validated both for modulation and sensing
applications, confirming the performance improvement that is obtained when working in the slow-wave region of
the second order mode (see Fig. 2). Regarding modulation experiments, it was possible obtaining a phase shift
variation of m at the output by only changing the temperature by 13.2 °C for a bimodal 1D PhC interferometric
structure being 148 um long. Regarding sensing experiments, normalized phase sensitivity values even above 10*
21 rad/RIU-cm have been obtained, which means an improvement greater than 10x with respect to traditional
Mach-Zehnder interferometers and around 7.5x for silicon nitride bimodal waveguides not based on PhC structures.
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Fig. 2. (a) Experimental phase shift variation measured for different temperature changes of a bimodal 1D PhC interferometric
structure of length 148 um (N=400 periods). (b) Experimental length-normalized phase sensitivity obtained for two bimodal 1D
PhC interferometric sensors having a different number of periods (N= 200 and N= 400). For both plots, dashed lines represent
theoretical calculations. In both cases, a significant sensitivity increase is observed as we move into the slow-wave region.

PhC-BASED BIMODAL INTERFEROMETER FOR SWITCHING APPLICATIONS

In this case, the design of the bimodal 1D PhC interferometric structure is modified in order to be able to operate
as a 2x2 switch. To this aim, instead of exciting the structure using a single access waveguide aligned with the axis
of the 1D PhC, two access waveguides whose position is shifted with respect to this axis are used for the excitation
(see Fig. 3a). In this way, both even and odd in-plane symmetry modes can be excited to obtain the bimodal

4 - 6 May 2022 - Milano, ltaly - 23" European Conference on Integrated Optics

160



T.D.1
Q

interferometric response (see Fig. 3b). One of the advantages of this configuration is that both even and odd modes
can be designed independently because of symmetry conditions and thereby a flat spectral region of high group
index contrast can be engineered.

This structure has been fabricated including titanium heaters on top of the bimodal interferometric structures. By
changing the voltage applied to these heaters, it is possible to switch the response of the structure (see Fig. 3c). By
properly designing the 1D PhC interferometer, it has been possible to demonstrate switching using a structure with
a footprint of only 63 pm? (length of 37 um) and applying a voltage of 3V (power consumption of 19.5 mW).
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Fig. 3. (a) Scheme of the proposed 2x2 switch-like bimodal 1D PhC interferometric structure. (b) Band structure of the designed
1D PhC structure for the TE bands with even and odd in-plane symmetry. The green shaded area indicates the bimodal region of
interest, where the odd parity band becomes slow light. (c) Experimental transmission spectrum at the bar output port for one
of the fabricated structures, showing the switching operation when the voltage applied to the heaters is changed.
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We demonstrate a compact wavelength demultiplexer for the silicon-on-insulator platform
based on the curved waveguide grating (CWG) architecture. The proposed device uses bi-
modal output waveguides to achieve a low-loss flattened spectral response. The device shows
insertion loss as low as 1.2 dB and crosstalk below -20 dB.

Keywords: WDM demultiplexer, curved waveguide grating, SOI, SWG, flat-top

INTRODUCTION

Silicon photonics (SiPh) has become the leading integrated photonics technology [1]. It brings together high
integration density while being compatible with the already established microelectronic CMOS process allowing
low-cost mass production. Datacom is an important application area of SiPh [2]. Wavelength division multiplexing
(WDM) data links are used to achieve high aggregated data rates without increasing the symbol rates, which are
limited by the modulator and demodulator bandwidths. The wavelength (de)multiplexer is a key component in
WDM systems. Various WDM demultiplexing schemes have been proposed for the SiPh platform including ring
resonator filters, lattice-form filters, arrayed waveguide gratings (AWGs) and echelle gratings (EGs) [3]. Flattened
spectral response is highly desired for demultiplexers as it reduces the spectral stability requirements of the laser,
hence reducing the laser cost and avoiding the need for thermal control.

The curved waveguide grating (CWG) demultiplexer was proposed by Hao et al. as a promising alternative to the
conventional architectures [4] and was later demonstrated for the silicon-on-insulator (SOI) platform at the
National Research Council Canada [5], [6]. We recently demonstrated a low-loss CWG demultiplexer that achieves
state-of-the-art performance [7]. In that work, we use the single-beam condition [8] to suppress the off-chip
radiation that causes optical loss [9]. For doing so, we judiciously design the diffractive grating period and the lateral
subwavelength grating (SWG) slab metamaterial to frustrate phase-matching in the silica while allowing it in the
SWG slab. Figure 1 shows a schematic of the proposed CWG demultiplexer comprising: a curved waveguide grating
placed along a circular path, SWG a slab, a free propagation region (FPR) slab and output receiving waveguides
positioned on the so-called Rowland circle. The SWG slab is a periodic structure that synthesizes an artificial
metamaterial with a properly designed effective refractive index [10], [11].
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Fig. 1. Curved waveguide grating demultiplexer schematic (a), detail of the sinusoidal waveguide grating (b) and detail of the
receiving waveguides and tapers (c).
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Here, we present a low loss CWG demultiplexer with a flattened response that uses the first two modes of the
output waveguides to achieve a low loss flattop response [3]. The device efficiently separates 5 channels spaced
10nm within C-band with an insertion loss as low as 1.2 dB and crosstalk better than -20 dB.

FUNDAMENTALS AND DESIGN

The TE polarized light entering the device from the input waveguide is progressively diffracted by the waveguide
grating. The SWG region guides the diffracted light into the FPR. The light propagates through the FPR and is focused
on the Rowland circle where is captured by the receiving apertures of width W, that are tapered to the output
waveguides of width W, (see Fig. 1c). The dispersive nature of the waveguide grating produces the demultiplexing
functionality since the diffraction angle 8 varies with the wavelength as described by the grating equation:

8(2) = asin((npp — 1/A)/ns) (1)

where, ngp is the waveguide grating Floquet-Bloch mode effective index, 4 is the free-space wavelength, A is the
waveguide grating period and ng is the effective index of the FPR slab. To fulfil the single beam condition [8], output
waveguides are placed at an angle 8§ = —35° from the grating normal.

The CWG demultiplexer was designed following the same procedure as the Gaussian-shaped device reported in [7].
The grating radius was set to R = 230 um to enforce a channel separation of 10 nm. To limit the grating length to
1/3 rad along the grating circle, the illumination spot at the focal plane was set to a Gaussian with a mode field
radius (MFR) of 0.75 um, which corresponds to the fundamental mode of a 2.15-um width waveguide. For this
illumination, we have evaluated the transmission response as a function of the spectral shift normalized to the 25-
dB bandwidth (shown in Fig. 2) for both the monomodal (grey curve) and bimodal output waveguides cases
(coloured curves). We observe that the response is flattened for the bimodal case as the taper width W, is
increased. We also include, for reference, the response when a mono-mode output is used with a taper width
matched to the illumination (W, = 2.15 pm).
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Fig. 2. Channel response for mono-mode (grey) and bimodal outputs (colour) for various widths of the receiving tapers W,.

Figure a 3 shows the response characteristics as a function of the taper width W,. To measure flatness, we used
the ratio of 25-dB and 1-dB bandwidths, shown in Fig. 3.a. We see that by increasing the taper width W, the flatness
improves when using bimodal outputs (purple) and stays unaltered for the mono-mode outputs (grey). However,
this also raises the ripple (Fig. 3.b) and loss (Fig. 3c). We use W, = 2.75 um as a compromise value to attain twice
the flatness while incurring a negligible impact on the loss (<0.2 dB) and ripple (<0.2 dB). The output waveguides
width W, was set to 700 nm, ensuring low-loss propagation for the two first TE modes while frustrating higher-
order modes propagation.
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Fig. 3. Response characteristics for a bimodal output CWG (purple) compared with a mono-mode output (grey). a) Flatness, b)
ripple and c) loss when the CWG focuses a 0.75-um-MFR Gaussian illumination at the receiving tapers versus their width W,.
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Fig. 3. a) Measured spectra for the fabricated CWG demultiplexer with flat-top response. b) Comparison of a selected channel
response with the designed theoretical response shape.

The device was fabricated in a standard SOI platform wafer using electron beam lithography patterning and reactive
ion etching.

The characterization was done by injecting a monochromatic, TE-polarized signal from a tuneable laser and
measuring the signal power at the output waveguides with a photodetector. An on-chip 3dB power splitter was
used at the device input to extract a reference signal to determine the device transmittance (see Fig. 1a). Figure 4
shows the measured transmission spectra for the device. The response shape matches the theoretical flat-top
response as shown in Fig. 4.b. The measured losses range from 1.2 dB to 2 dB and the crosstalk is lower than -20 dB
for all channels.

CONCLUSIONS

We have demonstrated a low-loss flat-top 5-channel curved waveguide grating wavelength demultiplexer for the
SOl platform. The off-chip radiation was virtually supressed by enforcing the single beam condition on the grating
waveguide using metamaterial refractive index engineering while flat-top response was achieved via bi-modal
output waveguides. The experimental device exhibits flattened spectral response while maintaining low loss (1.2-
2 dB) and crosstalk (<-20 dB).
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Subwavelength metamaterials provide a powerful tool for the realization of compact and
high-performance integrated photonic devices. In this work, we apply subwavelength
metamaterials to novel devices for mode multiplexing and power splitting in silicon on
insulator. We experimentally demonstrate ultra-broad operational bandwidths over 245 nm
in both applications.
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INTRODUCTION

Mode-division multiplexing (MDM) in integrated silicon photonics is emerging as a fundamental technology to
address the challenge of ever-increasing global data traffic and data center demand.*! High-performance mode
converters and multiplexers/demultiplexers (MUX/DEMUX) are the fundamental building blocks at the core of
MDM technologies, with current architectures including asymmetric directional couplers (ADC), asymmetric Y-
junctions, adiabatic tapers, and topologies based on inverse design, among others.*®! In particular, MDM
architectures based on multimode interference (MMI) couplers have reported good performance over a relatively
wide wavelength rangel®”), although further bandwidth enhancements are still sought after. Auxiliary devices
beyond MUX/DEMUX are also required in MDM systems, such as multimode power splitters. A broad range of
power splitters has been proposed, including topologies based on symmetric Y-junctions, MMls, inverse and
adiabatic tapers, directional couplers, slot waveguides or photonic crystals.B*Y In particular, symmetric Y-
junctions!® are one of the most common alternatives given their ease of design, simply consisting of a stem
waveguide ramifying into two arms of the same width. However, finite resolution of fabrication processes results
in deviations from the nominal design at the junction tip, and degrade the performance of the fabricated devices.

Subwavelength grating (SWG) metamaterials provide a powerful tool for improving the performance of
MUX/DEMUX and power splitters, among other photonic devices.*? SWG structures are arrangements of dielectric
materials with a scale substantially smaller than the operating wavelength, hence suppressing diffractive effects
and enabling dispersion engineering.*3! In the MDM field, SWGs have been applied to adiabatic couplers™¥, ADCs!**!
or MM couplers!*®7l; whereas in the field of power splitting, SWG engineering has also been applied to asymmetric
directional couplers!*®], MMI devices!*?, or Y-junctions?®, among others.

In this work, we review our latest SWG-based MUX/DEMUX and power splitter”:?%, expand on the experimental
characterization of both devices, and present enhanced topologies for improved performance and additional
features such as higher-order mode support. In particular, we experimentally demonstrate ultra-broad operational
bandwidths over 245 nm in both SWG-enhanced mode multiplexer and power splitter.

MODE MULTIPLEXING

Our SWG MUX/DEMUX is based on the combination of a MMI, a 90° phase shifter and a symmetric Y-junction (Fig.
1). Both the MMI and the phase shifter are implemented with SWG metamaterials for enhanced bandwidth.[*”!
When operating as MUX, the fundamental transverse electric modes (TEo) in ports 1 (blue) and 2 (green) are equally
divided by the metamaterial-based MMI, while inducing a 90° phase shift between MMI output ports. The phase
shifter delays the mode propagated through the upper arm an additional 90°, which either compensates the MMI
phase shift (blue), or results in a total phase shift of 180° (green). As a result of the phase relations of the modes at
the Y-junction arms, their conversion results in TEq (blue) or TE; (green) at port 3.
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Fig. 1. Mode converter and multiplexer based on an SWG MMI, an SWG phase shifter and a symmetric Y-junction.

The SWG MUX/DEMUX was fabricated in a commercial foundry using silicon-on-insulator (SOI) wafers with a silicon
thickness of 220 nm, a buried oxide (BOX) layer of 2 um, and a 2.2 pum thick SiO, upper cladding oxide. SWG edge
couplers were incorporated for high-efficiency input and output coupling.!?!! Experimental characterization of a full
MUX/DEMUX link (i.e. devices connected back-to-back), presented in Fig. 2., shows insertion losses of 2 dB and
crosstalk better than -17.2 dB for the full link over a 245 nm bandwidth (1427 — 1672 nm). These results entail a 100
nm bandwidth expansion when compared to the device with a non-SWG phase shifter.[¢!
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Fig. 2. Experimental transmittance measurements for the proposed mode converter and multiplexer for output modes TE, and
TE;, when using input 1 (a) and input 2 (b).

POWER SPLITTING

Our power splitter is based on a SWG-engineered symmetric Y-junction for reduced mode confinement at the
junction tip (Fig. 3). This topology circumvents minimum feature size (MFS) limitations at the junction tip and
significantly improves TEq excess loss (EL), at the expense of a slight increase in TE; loss. Arm width was optimized
to minimize effective index mismatch at the interface between the stem (i.e. multimode input waveguide) and the
arms.?!! The device was optimized considering two target minimum feature sizes, namely 50 nm and 100 nm.
Conventional Y-junctions with the same MFS limitations were also fabricated for comparison.
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Fig. 3. Scanning electron microscope image of the proposed subwavelength Y-junction

The SWG power splitter was fabricated in the same 220 nm SOI platform as the MUX/DEMUX devices. Cascaded
splitters were included for accurate characterization of TEq loss, whereas a dual-core adiabatic taper MUX™! was
incorporated for TE; loss measurement. Fig. 4 shows the excess los under 0.3 dB over a 260 nm bandwidth for TEq
in the high resolution lithography (MFS = 50 nm), and EL less than 1 dB for TE; within a 100 nm bandwidth.
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Fig. 4. Experimental excess loss of the proposed subwavelength Y-junction (solid) and a conventional Y-junction (dotted), with
minimum feature sizes of 50 nm (red) and 100 nm (blue), for TE, (a) and TE; (b) modes.
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CONCLUSIONS

We have presented a mode multiplexer/demultiplexer and a multimode power splitter based on SWG
metamaterials. Experimental characterization of the fabricated devices demonstrates bandwidths over 245 nm in
both applications.
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Subwavelength grating (SWG) metamaterials have enabled the realization of silicon photonic
devices with unprecedented performance. However, most successful SWG realizations relied
on electron-beam lithography, compromising the scalability of the approach. Here, we report
SWG metamaterial engineered devices fabricated with deep-ultraviolet immersion
lithography in a 300-mm silicon-on-insulator technology.

Keywords: subwavelength grating; metamaterial; silicon photonics; multi-mode interference
coupler; beam splitter; ring resonator; immersion deep-UV lithography

INTRODUCTION

The use of subwavelength grating (SWG) metamaterials opened a powerful degree of freedom in the development
of silicon photonic devices, offering the possibility to control the effective refractive index of the material. This is
achieved because dielectric structures arranged at a distance substantially smaller than the wavelength of the
propagating light effectively acts as a homogeneous material whose optical properties (e.g., effective index,
dispersion, and anisotropy) are determined by the geometry of the unit cells [1,2]. Since their initial introduction,
SWGs enabled the demonstration of a vast number of silicon photonic devices with record performance, e.g., edge
couplers, surface gratings, resonators, filters, and multi-mode interference (MMIs) couplers, to name a few [3-6].
The use of a graded index SWG metamaterial has also been recently proposed for devices realized in lll-V
membranes on silicon [7].

The fabrication of SWG metamaterials uses the same process of conventional waveguides and can hence be easily
implemented in established platforms. However, the need to maintain the grating period smaller than the
wavelength of light often creates small features that may be challenging to fabricate in a reliable and reproducible
way using dry deep-ultraviolet (DUV) lithography [8]. One possibility is to constrain the minimum feature size above
the resolution limit of dry DUV lithography, typically in the order of 120 nm. However, this constraints the available
design space and the range of achievable properties of the effective material, ultimately impacting the performance
of the devices. Alternatively, electron-beam lithography offers higher resolution but at the expense of a vastly
reduces throughput mostly compatible with research or small volume productions.

In order to overcome this limitations, we explore here the use of immersion DUV lithography for the fabrication of
photonic devices based on SWG metamaterials. Immersion DUV lithography is compatible with high-volume
production and, compared to dry lithography, allows achieving a three-fold improvement in device size
reproducibility, reduced line edge roughness, and sufficient resolution to pattern feature with sizes close to 60 nm
[9]. We take advantage of the significant quality improvement offered by immersion DUV lithography by exploiting
a 300-mm silicon-on-insulator (SOI) fabrication platform to experimentally demonstrate two SWG-engineered
devices with high performance, i.e., a broadband integrated beam splitter and ring resonator with low thermal
sensitivity. Both devices have a silicon thickness of 300 nm and nominal minimum feature sizes of 75 nm for the
splitter and 100 nm for the ring, below the resolution capabilities of dry DUV lithography. The beam splitter is based
on an SWG engineered multi-mode interference (MMI) coupler [10] and exhibits low excess losses below 1 dB with
negligible power imbalance and phase errors over a bandwidth of 186 nm near A = 1550 nm. The ring resonators
operate for transverse-magnetic polarization at a wavelength near 1310 nm, with a measured thermal shift of the
resonant wavelength of only ~30 pm/°C, a two-fold reduction compared to standard silicon ring resonators [11].
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RESULTS

MMIIs exploit multi-mode interference in a large waveguide section to achieve beam splitting. Since interference is
defined by the wavelength-dependent relative phase delays between the modes, bandwidth is typically limited to
about 100 nm to ensure an insertion loss penalty smaller than 1 dB in 2 x 2 MMIs with solid silicon cores [12]. Here
we used an SWG metamaterial to realize the multi-mode waveguide section in order to exploit its anisotropy, as
first proposed by Halir et al. [10]. By controlling the dispersion of the effective material index, it is possible to reduce
the wavelength dependence of the difference between the propagation constants of the modes and increase the
MMI bandwidth. We consider in particular a TE polarized light in a silicon core thickness of 300 nm with 2 um buried
oxide (BOX), and 2 um upper cladding. The period of the metamaterial is A = 150 nm and the duty cycle DC = 0.5,
resulting in minimum feature size of 75 nm. The width of the multi-mode section is chosen as 3.5 um and the length
18 um (120 periods for the SWG). The width of the access waveguides is 1.7 um while the 0.4-um-wide silicon wire
waveguides are widened to 1 um and adiabatic transitions are used between the solid core waveguides and the
SWG access waveguides. The distance between the access waveguides is 2.17 um. Figure 1a shows an SEM picture
of the realized MMI before deposition of the SiO2 upper cladding. The device was characterized using asymmetric
Mach—Zehnder interferometers and a reference waveguide for transmission normalization. The experimental
results are shown in Figs. 1b-d. Insertion losses and power imbalance remain smaller than 1 dB in the entire
wavelength range between 1490 nm and 1680 nm. Regarding phase error measurements, an increased noise can
be observed for A < 1500 nm. Despite this, phase errors smaller than +6° are obtained for A > 1494 nm. Our sources
do not extend beyond A = 1680 nm, preventing measurements at longer wavelengths. Aiming for excess losses and
imbalance below 1 dB and phase error smaller than 6°, these results yield an experimentally measured bandwidth
of at least 186 nm.
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Fig. 1. Experimental characterization of the SWG-engineered beam splitter fabricated on a 300-mm SOI platform using
immersion DUV lithography. (a) SEM image before the deposition of the upper cladding, showing the quality of the fabrication.
(b) Measured insertion loss, (c) power imbalance, and (d) phase error of the beam splitter. The fabricated MMI shows high
performance over a 186-nm bandwidth, with losses and imbalance smaller than 1 dB and phase error less than 6°.

Ring resonators are key components for applications, including optical modulators, communications, and sensing.
The position of the resonance wavelength is highly sensitive to temperature variations due to the comparatively
high thermal coefficient of silicon (dnsi/dT = 1.9x 10 °C1), hampering stable operation. Here, we exploit the ability
of SWG-engineered waveguides to delocalize the optical mode, reducing the overlap with silicon and hence the
thermally-induced resonance wavelength shift [13]. The ring resonators are optimized for TM polarization near
1310 nm wavelength. Figure 2a shows the SEM image of a fabricated SWG ring with a period of 200 nm and a duty
cycle of 0.5 and a waveguide width of 750 nm. Figure 2b shows the measured transmittance spectra for different
temperatures between 20 °C and 30 °C. The quality factor of the resonator is Q ~ 5000 and extinction ratio
exceeding 15 dB. From the resonance wavelength shift, we estimate a thermal dependence of ~30 pm/°C. For
comparison, in Fig 2c we show the measured resonance shift of a ring resonator implemented with a conventional
strip waveguide (400 nm width and 300 nm thickness) and our SWG resonator, both for TM polarization and
1310 nm wavelength. The SWG approach yields a two-fold reduction of the thermally-induced resonance shift.
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Fig. 2. Experimental characterization of the SWG-engineered ring resonator fabricated on a 300-mm SOI platform using
immersion DUV lithography. (a) SEM image before the deposition of the upper cladding. (b) Measured transmittance spectra
for different temperatures (c) Comparison of measured thermally-induced shift of the resonance for ring resonators
implemented with conventional strip waveguide and SWG waveguide.

DISCUSSION

We have reported on the implementation of SWG metamaterial-engineered devices using a 300-mm SOl fabrication
platform with DUV immersion lithography. The high resolution of immersion lithography allowed designs with
nominal feature size down to 75 nm. These results show the feasibility of the implementation of SWG metamaterials
with a fabrication process compatible with high-volume production, with excellent prospects for bringing the
potentialities of metamaterial refractive index engineering toward commercial exploitation. This opens a new path
for the fabrication of high-performance devices such as fiber-to-chip couplers, power and polarization splitters, and
spectral filters, to name a few, for a wide range of applications, including coherent communications, quantum
photonics, sensing, and spectrometry.
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The Bloch sphere is a very powerful tool to design two-path interferometric systems,
providing superior physical insight into the working principle of autocorrective devices like
broadband 50:50 splitters or flat-top interleavers, also enabling the derivation of simple
analytical design formulas. | will first introduce a few examples of design applications to then
present experimental realisations of the same on our silicon photonics platform.

Keywords: integrated interferometers, Bloch sphere, autocorrective photonic devices, flat top
filters, wavelength insensitive splitters, photonic integrated circuits

GEOMETRIC REPRESENTATION OF TWO-PATH INTEFRFEROMETRIC SYSTEMS

Two-path interferometric devices are ubiquitous in photonic integrated circuits. They are simply built out of just
two basic building blocks: power splitters — including directional couplers and multimode interferometer (MMI)
splitters — and phase shifters — including imbalanced waveguide lengths or waveguide tapering [1]. These systems
can be treated analytically based on a transfer matrix formalism, but significant physical insight can be gained when
representing them on the so-called Bloch sphere [1]. All possible combinations of power splitting ratio and relative
phase can be mapped on the sphere as depicted in Fig. 1. Therefore, any state is unequivocally determined by two
angles: 9 representing the phase shift and 2a corresponding to the splitting ratio sin?(a)/cos?(a). The three Stokes
parameters S1, Sz, and S3 correspond to the three orthogonal axes. The intersections of S1 with the sphere represent
the single uncoupled waveguide modes E1 and E», the intersections of Sz represent the eigenmodes of synchronous
directional couplers, i.e., the symmetric and anti-symmetric modes Es and Ea, whereas the intersections of S3
represent the superpositions in quadrature and anti-quadrature Er and Ei. Noticeably, the sphere is not only a tool
to show the states as static points, but also a powerful way to show their evolution under the action of power
splitters and phase shifters, which operate as simple rotations on the sphere. A synchronous directional coupler
acts as a rotation around Sz, which is the axis of its eigenmodes, i.e., the symmetric and anti-symmetric modes Es
and Ea. Similarly, a phase shifter acts as a rotation around Si1, which is the axis of its eigenmodes, i.e., the single
waveguide modes E1 and E2. More in general, an asynchronous coupler acts as a rotation about the axis of its
eigenstates [1], i.e., an axis laying in the equatorial plane somewhere between S1 and S.

P=cosaE; +efsinak,

phase
shifter

directional P
coupler
1 50:50 splitting circle
=—=(E; —iEp)
V2

Fig. 1 a) Schematic layout of a simple 2-path interferometer; b) the Bloch sphere as a geometric representation of all possible
states of a two-path system, showing the eigenmodes corresponding to the axes S;, S, and S3; and the two angles a and &
associated with a generic point P on the sphere. The angle a indicates the power fractions cos?a and sin?a in the single
waveguide modes E; and E; respectively, whereas & shows the relative phase between the two paths.

1
Eg = E(El + E;)

FLAT-TOP 50:50 SPLITTERS

Little and Murphy [2] have reported a maximally flat 50:50 splitter in the form of a generalised Mach-Zehnder
interferometer (MZI) composed by a 50:50 (“half”) coupler and a 100:0 (“full”) coupler (the first number
representing the percentage in the cross port) with a 120° phase shifter in between them (see Fig. 2), but their
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Fig. 2. a) FH configuration and its trajectory on the Bloch sphere. The dashed lines correspond to the nominal case, whereas
continuous lines show the autocorrective action when the coupling angles are reduced by 10%; b) projection of the same
trajectory on the S;S3 plane c) and d) same as a) and b) but for the HF configuration.

paper did not disclose how the result had been derived. The working principle of the flattened MZI 50:50 splitter
can be easily understood using the geometrical representation. Let’s first consider the configuration where the full
coupler comes first, which we will call the FH configuration (Fig. 2a). At the nominal wavelength, the full coupler
will simply switch all the power to the cross port, i.e., rotate the state by 180° from E: till the antipodal Ez. In this
particular case, the phase shifter rotation corresponds to no changes (E: lies on S1 or, in other words, it is an
eigenstate of the phase shifter), and the last 50:50 directional coupler simply rotates the state by 90° to reach the
south pole state £y, i.e., perfect 50:50 splitting (see dashed trajectory in Fig. 2a). Things become more interesting
off the nominal wavelength, for example at the shorter wavelength corresponding to a reduction of 10% in the
coupling angle. In this case, the full coupler will reach only till the point P, just above E: (blue continuous line in Fig.
2a). This time the 120° phase shifter brings P to Q that, by construction, has a distance from the equatorial plane
that is half the distance of P, but with opposite sign. This compensates exactly for the 10% reduction in the last
coupling rotation, given that the reduction of a half coupler must be half that of a full coupler. Therefore, the ending
point R belongs to the circle in the 5253 plane, which is the locus of all the 50:50 states. This ensure a flat 50:50
amplitude response. Nevertheless, R departs from the south pole EL by an angle proportional to the departure of
the coupling angle from its nominal value, resulting in a linear variation of the relative phase. In a similar fashion,
we can appreciate the working principle of a HF configuration, where the half coupler comes first (Fig. 2c).

In this case the nominal trajectory reaches the north pole Er first, then point Q in the southern hemisphere (with -
150° phase shift) and finally point R (with 150° phase shift). All points Er, R and Q belong to the 50:50 circle. At a
shorter wavelength corresponding to, e.g., 10% reduction of the coupling angle, the trajectory changes, but the end
points R remains substantially the same. This is because the 120° phase shift ensures that the red rotation occurs
on a circle with half the radius of the blue rotation. As a result, the blue arc and the red arc are shortened exactly
by the same length because the coupling angle changes proportionally to the angle itself and, by construction, the
coupling angle of the full coupler is twice the angle of the half coupler. Therefore, this configuration ensures flat
response for amplitude and phase at the same time. This difference between the HF and FH configuration becomes
very important when designing integrated Michelson interferometers [3].

FLAT-TOP FILTERS

The geometrical representation can also easily explain the working principle of two-stage generalised lattice filters
that are cascades of couplers and phase shifters where the imbalance between the two arms doubles at each stage.
The usual design approach is based on numerical optimization algorithms to determine the coupling coefficients of
the splitters. Let’s consider one of the examples reported by Madsen and Zhao [4], with couplers of 0.500, 0.7143,
and 0.9226, and phase shifters of order +1 and +2. We sketch in (a) a possible physical realisation of the filter. The
transfer matrix response of the filter is plotted in Fig. 3(e). Central wavelengths of transmission bands in the cross-
port correspond to a m+2km (k integer) phase shift in the first phase shifter, whereas for the bar port, central
wavelengths correspond to 2mm (m integer) phase shift in the first phase shifter. For wavelengths slightly off the
central wavelengths, the phase shift will depart from multiples of i, which, in the case of simple MZls, leads to
reduced transmission and extinction ratio, i.e., to non-flat response. Instead, the 2-stage filter is designed such that
the phase offset in the first stage is compensated by the offset in the second stage, resulting in autocorrective
behaviour and consequent flat response. In fact, the angular offset in the second stage is, by construction twice as
the angular offset in the first stage, but it occurs on a circle that has about half the radius, and in the opposite
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Fig. 3. a) two-stage filter under study, b) and d) show the autocorrective trajectories ensuring the flat-top response simulated in
(e). c) and f) show the projections on the S,S3 plane, highlight the autocorrective behaviour.

direction. This is shown in Fig. 3 for the cross port and bar port respectively. The half radius is guaranteed by having
chosen a 71:29 splitter, i.e., very close to 75:25 that would correspond to exactly 120° rotation. This way, the
physical offsets cancel out, having same magnitude and opposite sign. More in general, thanks to the geometric
representation one can derive analytic expression to identify all possible working configurations. If, like in the
previous example, we want ri+2kmt phase shifts and 2mmn phase shifts to correspond to the cross state and to the
bar state respectively, the rotation angles on the sphere ¢1, ¢2, and ¢s3 corresponding to the three splitters must
obey the simple system of linear equations

T
¢y + ¢y + p3 = 2mm ¢ =5t om
¢, — 1+ d3=Ck+Dm with solution ¢, = %ﬂﬂ +qm,
|Sln¢1| = 2|Sln (¢2 - ¢1)| k¢3 — $g+ tTt

where p, g and t are integers. In particular, the solution ¢1 = 11/2, ¢2 = 211/3, and ¢s = 51/6 corresponds to the filter
in Fig. 3. Some solutions require phase shifters with same sign and other ones with opposite sign. Another set of
solutions can be also derived assuming that the cross (bar) state correspond to even (odd) phase shifts.

Eventually, in Fig. 4 we show the measured flat-top spectral response of similar devices designed using the Bloch
sphere based on single multimode interferometers [5], and fabricated on VTT thick SOI platform.

o Chip 2 FSR30 nm TE 0 Chip 2 FSR20nmTE 0 Chip 1 FSR10nm TM
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Fig. 4. Measured spectral response of three different two-stage interleavers with different FSR.
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The control of the frequency spectrum of light is a ubiquitous problem in physics and engineering. Fast
telecommunication protocols rely on frequency multiplexing, and the indistinguishability of photons, strictly
related to their spectral properties, is a necessary requirement for the entanglement in photonic quantum
technologies. Most of the available protocols for the modification of the spectral properties of a classic light signal
or single photon wave-packets are based on non-linear wave mixing, which is intrinsically stochastic and strongly
dependent on the nonlinear susceptibility of the employed material. Most recently, dynamical modulation has
emerged as an alternative platform to manipulate the frequency of light trapped in resonating structures [1] or
travelling in isolated waveguides [2]. In this work, we theoretically inspect the dynamical modulation of
homogeneous 1D arrays of optical waveguides using a refractive index perturbation caused by a sound wave
travelling in a material with strong acousto-optic response. With respect to previous works, the model presented
here is based on cavity-less design that allows to work with arbitrarily broadband signals. Moreover, the study of
1D chains enables the observation of topological phenomena unavailable in isolated waveguides such as disorder
protected unidirectional conversion of light frequency.

DYNAMICAL MODULATION OF AN OPTICAL WAVEGUIDE

We consider paraxial light propagation in a weakly guiding optical waveguide such as the ones fabricated on fused
silica substrate using femtosecond direct laser writing technique [3]. Considering a reasonably small frequency
range, the waveguide supports single mode propagation over a continuous frequency spectrum w with dispersion
relation k;(w). We now include, as depicted in fig. 1a, a monochromatic travelling-wave refractive index
perturbation An(z,t) = 2bcos(k,, - r — Q,,t), that can be generated by a sound wave propagating in a material
with strong acousto-optic response. To gain control with respect to the longitudinal wavevector of the
perturbation, we consider the sound propagating with an angle 8 with respect to the optical waveguide axis so
that the longitudinal wavevector can be written as kZ, = k,, cos(8). This condition could be put in practice by
enforcing a specific phase relation between individual sound emitters distributed in an array. Employing a linear
expansion of k;(w) around a carrier frequency w, (figure 1b), the equation describing the evolution of the
spectral components of an impinging light wave packet can be expressed [4] in the form of a Schrodinger-like
equation in a continuous 1D frequency space with long-range interactions between frequency components
separated by the dynamical modulation frequency Q,,:

i0,E(z,w) = V,wE(z,w) — BE(z, w ¥+ Q) . (1)

In equation (1), the hopping amplitude 8 = kyb is proportional to the refractive index perturbation and the
diagonal term V; = Ak/Q,, is proportional to the phase mismatch Ak = kZ, — Q,,0x;/0w between the z-
component of the refractive index perturbation and the light mode and represents a (static) scalar potential along
the frequency dimension. Assuming a monochromatic light input at frequency w, the symmetry of the problem
allows to restrict the study to a discrete set of frequencies {w,} = wy + nQ,, and equation (1) can be fully
discretized into the following

10,0, (z) = Aknay(z) — Bayz1(2) - (2)
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In the case of phase matching Ak = 0 both egn. (1) and (2) represent a system in which the dynamical modulation
induces a coupling between different frequencies which ultimately modifies the spectral property of a signal
travelling in the modulated waveguide. If we consider a narrowband input spectrum the dynamics in the synthetic
space is well described by eq. (2) in which only one component a, (z) # 0 for z = 0. As illustrated in figure 1c
the diffraction pattern obtained is typical of a discrete system. On the contrary, if the spectrum of the input signal
is much broader than the dynamical modulation frequency £,,, equation (1) describes a continuous 1D space
with short range interactions and the diffraction pattern is typical of propagation in a continuous space.

In this regime the time duration of the input signal is much shorter than the period of the dynamical modulation
and, as we discuss in [4], the arrival time of the light pulse with respect to the dynamical modulation can be used
to control the dynamics in the frequency dimension. Indeed when the spectrum of the input light pulsw
encompasses several sites of the synthetic space lattice, the phase relation between these frequency components
(the so-called frequency momentum) plays the same role of the momentum for a quantum particle, or the
transverse wavevector for light in waveguide arrays. As the reciprocal space of frequency is time, frequency
momenta can be realistically excited with a simple time delay of the light pulse.

»\(ﬂ’f\’\
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Fig. 1.(a) schematic of an optical waveguide with a travelling wave refractive index modulation. (b) spectral lattice induced in
the continuous dispersion relation of the waveguide fundamental mode. (c,d) Spectral power density as a function of the
propagation distance for (c) a narrowband (Aw = 0.3 w,,) and (d) a broadband (Aw = 3w,,) light input in a dynamically

modulated waveguide

TOPOLOGICAL EFFECTS IN A DYNAMICALLY MODULATED 1D HOMOGENEOUS CHAIN

To fully exploit the potential of our model in terms of topological robustness it is necessary to increase the
dimensionality of the system. To this aim we consider an array of identical, equally spaced, optical waveguides
placed at positions x, = £d subject to the same dynamical modulation propagating with an angle 8 with respect
to the z-axis An(x,zt) = 2bcos(kZz + kX x — Q,t), where kZ = k,,cos(8) and k3 = k,,sin(0) are,
respectively, the longitudinal and transverse components of the modulation wavevector. Under tight binding
approximation for the isolated waveguide modes, the equation describing the evolution of the spectral
components of light travelling in the £-th waveguide of the array can be written as:

i0,E,(z, 0) = V;wEp(z,0) — B E,(z,0 F Q) — EEpiq(2z, ), (3)

Where § represents the coupling coefficient between closely placed waveguides and ® = k,,sin(8)d is
proportional to the transverse component of the modulation wavevector. As already mentioned in the previous
section, a full discretization of the frequency space leads to a lattice version of equation (3)

i0,0p,(2) = nAkay,(z) — Be® apn51(2) — Eaps10(2), (4)
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Equation (4) describes a rectangular lattice in a synthetic 2D space composed by a spatial dimension (the
waveguide index) and a synthetic dimension associated with the light frequency. As illustrated in figure 2a, the
nonreciprocal phase factor in the coupling term along the frequency dimension provides a linear gauge field that,
under Peierls substitution, is analogous to a magnetic field perpendicular to the 2D plane. As a result, eq. (4) is
analogous to a Harper Hofstadter model characterized by a flux-per-plaquette of ®.

A well-known property of the Harper Hofstadter lattice is than, whereas the flux takes rational values ® = p/q,
with p and 1 co-prime integers, the spectrum is divided into exactly g well separated bands with topologically
nontrivial properties. As a result, topological states appear within each bandgap that can be used to transport
light in a unidirectional fashion. As an example, we consider a @ = 1/4 Harper Hofstadter model. In figure 2b we
plot the dispersion relation of such lattice by considering a truncation along the real space and an infinite
extension along the frequency space. The states in fig 2b are color coded accordingly to their localization in the
spatial dimension, as highlighted in figure 2a. At each bandgap only one couple of states with well-defined and
opposite group velocities exist, with exponential localization at opposite spatial terminations of the waveguide
array. Counterpropagating states cannot scatter into one another because of opposite edge localization therefore
elastic backscattering is inhibited and, once excited, these states can be used to shift the light frequency in a
unidirectional and topologically protected way, as depicted in figure 2c. Crucially, for each value of the frequency
momentum k,, only one topological mode exists at each spatial termination. Therefore, it is possible to excite a
desired red(blue)-shifting topological mode by simply injecting a light pulse in the proper edge waveguide with
the right time delay. Of particular interest for applications, we note that each edge waveguide supports both blue
and red-shifting topological modes with a relative difference in the frequency momentum of Ak, = t/Q,,. If a
train of pulses with a time difference equal to Ak,, is injected into an edge waveguide, the even and odd pulses
will excite, respectively blue- and red-shifting topological modes leading to spectrally separated pulses at the
output of the device. This mechanism can have several applications in telecommunication technology for the
realization of time-frequency (de)multiplexing devices or in quantum technologies for manipulating the
entanglement between the time, frequency and spatial variables of photons
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Fig. 2. a) Schematic representation of the synthetic 2D position-frequency space emerging from a dynamically modulated 1D

Waveguide array. b) dispersion relation of a % Harper Hofstadter lattice. Topological edge states are color-coded accordingly

to their localization in the synthetic 2D space as in (a). c) Robust frequency up-conversion mediated by a topological state in
the synthetic space
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Several types of integrated photonic waveguides based on LiNbOj3 crystal support propagation
of modes which can be classified as bound states in the continuum. Their properties are
discussed from the point of view of their suitability for implementation in photonic devices.
Keywords: Bound states in the continuum, LiNbO3; waveguides

INTRODUCTION

The concept of the bound state in the continuum (BIC) was introduced nearly 90 years ago in quantum physics by
von Neumann and Wigner [1] as a theoretical construction. Recently it was shown that it has interesting applications
also in photonics [2]. Different kinds of BICs have been found in various photonic structures — gratings, photonic
crystals, etc. Such BICs are represented by standing waves characterized by the quality factors approaching infinity.
On the other hand, propagating BICs are confined guided modes with suppressed coupling to the continuum of
radiation modes into which they are embedded. The coupling can be suppressed, e.g., by destructive interference
of two or more radiation channels due to particular device symmetry, or by polarization properties. In the case that
the coupling is not completely suppressed, the modes propagate with nonzero radiation loss and can then be
considered as quasi-BICs (g-BICs). In the traditional guided-wave terminology, they are known as leaky modes [3].

BICs or g-BICs can be identified in several kinds of waveguide structures containing LiNbOj3 crystal. At first we show
that the traditional and most widely used titanium in-diffused (Ti:LiNbO3) waveguides [4] and annealed proton
exchanged (APE) LiNbO; waveguides [5] fall into this category. Then we turn our attention to dielectric-loaded
waveguides [6] based on lithium niobate on insulator (LNOI) platform [7], and finally, to the proton-exchanged LNOI
waveguides [8]. The properties of BIC or g-BIC modes in these structures will be shown, and the suitability of their
implementation in integrated photonic devices for real-world applications will be briefly discussed.

Ti:LiNbOs AND APE LiNbOs WAVEGUIDES

Lithium niobate is an optically negative anisotropic crystal with the birefringence n, —n, ~0.08. The titanium in-

diffusion results in (slightly different) increases of both ordinary and extraordinary refractive indices by the amount
typically smaller than the LiNbOs crystal birefringence. In the APE process, only the extraordinary refractive index
is increased by a similar amount, while the ordinary refractive index remains nearly unchanged or even slightly
decreased. An example of the refractive index profiles of a Z-cut Ti:LiNbO3 planar waveguide and effective indices
of the TE and TM modes are shown in Fig. 1a).
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Fig. 1. a) Refractive index profiles of planar Z-cut Ti:LiNbO3 waveguide; b) Dispersion curves of a channel waveguide. Refractive index

changes due to Ti diffusion are An, =0.005[erf(w’z”)+erf($)}ef(y/%) , An, =(0.010834-An,)**, D, =4 um, D, =5 pm [9].
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In this (essentially 2D) case, there is no coupling between the extraordinary polarized TM mode with the ordinary
polarized TE radiation modes, the effective indices of which span the whole interval between zero and n,. The

electric field intensity vectors of guided TM and radiation TE modes are namely mutually orthogonal. Thus, such a
mode can be classified asa pure BIC propagating state. Since the modes of channel waveguides are, as a rule, hybrid,
having all electric field components nonzero, one might expect some coupling of (quasi-)TM modes with the
ordinary polarized continuum, which would result in radiation loss. However, no such losses have been reported in
literature, despite the fact that such waveguides are already for decades indispensable components of integrated
photonic devices of key importance. Our numerical simulations of Ti:LiNbOs; channel waveguides using COMSOL
Multiphysics found extremely low radiation losses, lower than 10~ dB/cm. This is by several orders of magnitude
lower value than experimentally measured losses on real waveguides, which are typically close to 0.1 dB/cm. Thus,
the TM modes of channel waveguides are BICs, too. The dispersion curves of simulated channel waveguides are
shown in Fig. 1b). The refractive index profiles used for simulations are given in the figure caption. The TM modes
of APE waveguides behave similarly, they are thus also BICs, while the TE modes are not supported.

LOW-INDEX DIELECTRIC-LOADED LNOI WAVEGUIDES

Recent availability of a novel high refractive index contrast platform, LNOI, has stimulated a new wave of interest
in LiINbOs integrated photonic devices. Lateral confinement is typically ensured by etching a ridge in the LiNbO3
layer. A Z-cut LNOI structure behaves as a planar waveguide in which the waveguide birefringence is enhanced by
the natural birefringence of the LiNbO; crystal. The TE modes of this planar waveguide, propagating in any direction
in the plane, represent the continuum of radiation modes, into which the lower-index TM modes of shallow ridge
waveguides can couple [10]. To suppress radiation, an optimum ridge width is to be chosen [11]. Such waveguides
thus support propagation of TM g-BICs. In deep enough ridge or even rib waveguides, both TE and TM modes are
fully guided. An interesting approach to avoid uneasy etching of the LiNbOj3 layer has been recently described in [6].
A low-index electron beam resist (npoly = 1.5429) was used as a dielectric load for lateral confinement of modes on
Z-cut LNOI. The low-loss TM modes of properly chosen widths of the polymer loading stripe are g-BICs or BICs while
the TE modes propagate without radiation as ordinary guided modes.
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Fig. 2. a) Effective refractive indices of TE and TM modes and b) radiation loss of TM modes of the polymer loaded LNOI
waveguides as a function of the polymer stripe width w. Waveguide cross-section is shown in the inset of Fig. 2b). Full dots in
Fig. 2a) indicate minimum radiation loss.

As it is indicated in Fig. 2a) by the dash-dot line, the effective refractive indices of the four lowest-order TM modes
are nearly identical, Nesr = 1.733, just for stripe widths corresponding to minimum radiation loss. This interesting
feature was utilized in [12] for design of four-channel mode de/multiplexor based on directional couplers. Note,
however, that the same principle can be applied to the design using ordinary TE modes, too, as it is indicated by
open circles on the dispersion curves of TE modes in Fig. 2a). In this case, radiation losses are absent, so that they
do not play any restrictive role. Moreover, for TE modes, the electrooptic modulation using laterally placed
electrodes as in [6] is much more efficient.

PROTON EXCHANGED LNOI WAVEGUIDES

Lateral confinement can be created in LNOI waveguides also by proton exchange (PE) [8]. The cross-section of the
waveguide is shown in Fig. 3a). We numerically simulated the structure with the thickness of the LiNbO;3 layer of
500 nm. The depth refractive index profile was approximated by the Gaussian function with the diffusion coefficient
Dy, =2 pm, lateral diffusion was neglected. The extraordinary refractive index variation due to PE at the surface

4 - 6 May 2022 - Milano, Italy - 23™ European Conference on Integrated Optics

178



T.P.2
Q

was An, =0.08. Calculated effective indices of TM modes versus the width of the PE section are plotted in Fig. 3b).

The radiation losses were found negligible for any width of the PE section. (The measured losses reported in [8]
were by orders of magnitude higher, but they could be assigned to waveguide imperfections, not to radiation.)
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Fig. 3. a) Cross-section of the proton exhanged channel waveguide in Z-cut LNOI, b) dispersion curves of TM modes,
c) electrical mode field distribution of the TMgo mode for w =2 um.

The propagation constants of the TM modes belonging to the channel PE waveguide are embedded in the
continuum of the omnidirectionally propagating planar TEo modes supported by the lithium niobate slab. However,
because of negligible radiation, the TM modes can be also considered as BIC states. Since their electric field is well
localized in the lithium niobate slab, see Fig. 3c), they can be also utilized for efficient electro-optic modulation.

CONCLUSIONS

All three kinds of LiNbO3 waveguide structures considered are capable of supporting BICs, or low-loss g-BICs. While
the Ti:LiNbO3; and APE LiNbO3 waveguides have already proved their nearly unrivalled usefulness in a number of
commercial applications (decades before the concept of BICs was introduced into photonics!), the polymer-loaded
LNOI structure seems to be an interesting example of implementation of g-BIC rather than a competitive candidate
for realistic applications; employing the g-BIC here is neither necessary nor advantageous. The real applicability of
PE LNOI structure would require considerable improvement in the fabrication technology in order to reduce the
waveguide loss while keeping the refractive index change high enough for sufficient lateral mode localization.

More types of waveguide structures, including those based on X-cut LiNbOs, will be discussed during the
presentation at the conference, too.
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The a-phase waveguides are well known for preserving both the excellent nonlinear
properties and the ferroelectric domains orientation of lithium niobate substrates. However,
by using the piezoresponse force microscopy (PFM), we present a coherent study on
ferroelectric dipoles switching induced by the one step fabrication process of a-phase
waveguides on Z-cut congruent lithium niobate (CLN) substrates.

Keywords: a-phase lithium niobate waveguides; piezoresponse force microscopy; spontaneous
polarization reversal; piezoelectric coefficient

INTRODUCTION

It is already known that waveguides fabricated on periodically poled lithium niobate (PPLN) substrates are one of
the most widely used devices for many nonlinear optical applications based on the quasi-phase matching (QPM)
process. However, an efficient nonlinear process such as second harmonic generation (SHG), spontaneous
parametric down conversion (SPDC) or different variants of optical frequency conversion, requires, among others,
waveguide fabrication techniques that allow preserving both the nonlinear coefficient and the domains orientation
of the substrate. Despite the large number of articles that have proven the efficiency of a-phase channel
waveguides for optical frequency conversion in PPLN devices, it has been observed that even a-phase waveguides
in PPLN can exhibit uncontrollable nanodomains switching, which can be harmful to the initial periodic structure
and obstruct the (QPM) process. Having in mind this idea, we performed, a coherent study of ferroelectric dipoles
switching that occurred during the fabrication of a-phase channel waveguides on Z-cut congruent lithium niobate
(CLN) substrates, by using the piezoresponse force microscopy (PFM).

The a-phase waveguides were fabricated by using High Vacuum Proton Exchange (HiVacPE) technique [1]. The
proton exchange process was performed in a hermetically sealed hourglass tube. A mixture composed of Benzoic
Acid (BA) and Lithium Benzoate (LB) was used as proton source. The waveguides were fabricated using different LB
concentrations ranging from 2.5% up to 3% incremented by 0.1%, at 7=300'C for t=72 hours. In this concentration
range, the major difference between the HiVacPE and Soft Proton Exchange (SPE) is the very high reproducibility
and control of the index contrast obtained by HiVacPE technique [2]. As expected, the a-phase waveguides exhibit
an exponentially decreasing index profile and low values of the index contrast [1]. These kind of profiles and the
calculated values of index contrast are the signature of lower H' ¢>Li" substitution ratio (<10%) [3, 4].

RESULTS

The PFM investigations were carried out on the xy plane by respecting the geometry of the samples as depicted in
Fig 1. The topography and piezoresponse of the sample surface were simultaneously probed, the PFM microscope
software providing three overlaid images namely, topography (exactly like a classical atomic force microscope),

Fig. 1. Experimental setup for PFM investigations of a-phase channel waveguides. Cantilever movements are in x-y plane with
the respect of samples geometry allowing scanning both waveguides and virgin CLN regions in a single scan.

PFM magnitude, and PFM phase, respectively, all of them associated to the same investigated area. Therefore, Fig.
2 shows 2D images recorded on a-phase channel waveguides fabricated with pg=2.5% in the bath. The images
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correspond to: (a) topography, (b) PFM magnitude, (c) PFM phase, and (d) is the corresponding line profiles
extracted at the same location of the images triplet.
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Fig. 2. Images triplet (topography, PFM magnitude and PFM phase) of CLN sample protonated with 2.5% LB: (a) topography of
the sample, (b) 2D of PFM magnitude mapped in the same location as topography, (c) PFM phase of the piezoresponse mapped
in the same location as topography and (d) line profiles extracted at the same location of the images triplet.

For quantitative assessments of the piezoelectric-like response of protonated regions (waveguides), we carried out
the surface displacement calibration procedure of the piezoresponse signal [5]. Since this procedure depends on
the quality of the calibration of the z-scanner itself, we have used a test PPLN sample with a known piezoelectric
coefficient. Doing so, we were able to identify the conversion factor (ysmv) linking the amplitude of the vibration of
the surface and the PFM response of the surface, respectively. Therefore, from the amplitude value h of the
piezoresponse signal measured in a given point of the sample surface and knowing the amplitude Vj¢ of the
probing DC voltage, the local piezoelectric coefficient d;; was determined from the slope of the plot of Eq. (1) [5].

h = Yaem d33Vpce (1)

The reduction in the piezoelectric coefficient ds; induced by the proton exchange compared with the virgin CLN is
ranged between 18.3% for 2.5% LB in the bath and 8.8% for 3% in the bath. We found a very good agreement
between index contrast (optical investigation) and ds; reduction (PFM investigations) being proof of a clear
connection between the increasing of the refractive index (4An.) and the decreasing of the magnitude of
spontaneous polarization (AP;) in protonated regions.

Having a high interest towards nonlinear performances of photonics devices based on PPLN substrates, we have
also investigated how deep the spontaneous polarization reversal induced by proton exchange takes place inside
the a-phase channel waveguides. Therefore, in order to evaluate this depth, all the samples were subjected to a
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clever surface engineering. The surface containing the channel waveguides was polished at a small angle ¢ with the
respect of the xy surface plane. The angle, measured under optical microscope setup is less than §=0.10°+0.05°.
This allows the observation by PFM of the evolution of spontaneous polarization reversal as the waveguide
thickness decreases from the surface down into the substrate. Fig. 3 provides a sketch of the experimental
configuration and geometrical details. After scanning of a 50><50um2 area, the sample has moved in x-axis direction
so that the next scan imagines the same waveguides but with decreasing thickness as the scan progresses.

Fig. 3. a-phase waveguides polished with the respect to the xy surface for revealing the deepness of polarization reversal.

Our investigations reveal that the whole deepness of spontaneous polarization reversal induced by proton
exchange is 5£0.2 nm. All investigated samples exhibit, in the limit of measurements errors, the same deepness of
spontaneous polarization reversal.

DISCUSSION

By corroborating PFM investigation and optical characterizations of a-phase protonated regions and virgin CLN on
+Z surfaces of the samples, we find a very good agreement between index contrast (optical investigation) and d3
reduction (PFM investigations). We clearly showed that the increase in the in-diffused proton concentration
(increase in index contrast) in protonated zones decreases the piezoelectric coefficient dz; values. We estimated a
decrease between 18.5% and 9% depending on the acidity of the bath. This fact was experimentally demonstrated
only for high Li*¢>H" substitution ratio (>70%) in the so-called B-phase waveguides [6]. To the best of our
knowledge, this is the first time that such a study has been conducted on a-phase waveguides for which the
substitution ratio is less 10%. Also, we have assessed that the spontaneous polarization reversal takes place only in
a 520.2 nm very thin subsurface layer. This result is important for any devices using a-phase channel waveguides in
PPLN. In such a case, the 5+0.2 nm subsurface layer of the waveguide can no longer assure the QPM process. In this
case, two scenarios can appear. First, if the propagation of different optical modes (associated to pump, signal, and
idler, respectively) takes place mainly towards the surface of the waveguides, which is the case for waveguides
exhibiting very low index contrast <1.5x10°, the QPM is disturbed and the devices will exhibit poor performance of
the SHG process. Second, if the propagation of different optical modes takes place mainly in the middle of the
waveguides, which is the case for waveguides exhibiting index contrast >1.5><10_2, the QPM is not disturbed and
SHG or SPDC processes can proceed successfully.

Therefore, beyond basic research aspects, our work contributes to the applied research effort on frequencies
conversion in waveguides fabricated on LN platforms, where generation and manipulation of photons are crucial
since real-world implementations demand high efficiency devices.

Acknowledgements: This work was supported by a grant of the Romanian Ministry of Education and Research,
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Brillouin optomechanics has a great potential for applications in communications, quantum
and sensing. Here, we propose a new approach based on a combination of genetic algorithm
optimization and subwavelength structuration in silicon waveguides to achieve a Brillouin
gain of 3300 W'm™ for a mechanical mode of frequency 14.79 GHz.

Keywords: Brillouin scattering, subwavelength, genetic optimization

INTRODUCTION

Brillouin scattering (BS) refers to the nonlinear interaction between optical and mechanical fields inside a material.
BS has generated a great scientific interest due to its numerous applications in communications, sensing and
guantum technologies [1]. In nanometric-scale geometries, BS is mediated by the complex interplay between
electrostrictive forces and the radiation pressure on the boundaries of the structure [2-4]. As a result, Brillouin gain
can be greatly enhaced. However, efficient Brillouin interactions require simultaneous confinement of optical and
mechanical modes. Such optomechanical confinement is challenging in silicon-on-insulator (SOI) waveguides due
to a strong phonon leakage towards the silica cladding [5-7]. A successful strategy to overcome this drawback is to
isolate the silicon optomechanical waveguide by removing the silica cladding. Based on this concept, several
membrane designs have been shown to exhibit large Brillouin gain [8-11]. Pedestal waveguides yield a Brillouin gain
of 3000 Wm™ [10], but the need for narrow width pedestals to optimize the Brillouin gain complicates the
fabrication process and may compromise mechanical stability. On the other hand, the Brillouin gain in silicon
membrane rib waveguides is limited to 1000 W'm™ due to the very different confinement of optical and mechanical
modes [9]. Photonic crystals with simultaneous photonic and phononic bandgaps have been proposed to maximize
the Brillouin gain in silicon, achieving calculated values up to 8000 W'm™ [12]. Nevertheless, the narrow bandwidth
and high optical propagation loss, typically linked to bandgap confinement, may compromise the performance of
these devices.

Subwavelength structuration represents a promising tool to control photonic and phononic modes in suspended
silicon waveguides. Forward Brillouin scattering (FBS), which exhibits the highest gain in silicon nano-structures,
relies on longitudinally propagating photons and transversally propagating phonons [5-7]. Hence, engineering the
longitudinal and transversal subwavelength geometries would allow independent control of photonic and phononic
modes. The exploitation of subwelength geometries has been proposed to optimize Brillouin gain in suspended
silicon waveguides [13,14]. Still, they require several etch steps for the silicon layer, complicating device fabrication.
Here, we propose a novel approach that yields high Brillouin gain by using subwavelength-structured Si membranes
requiring a single-etch step of silicon, illustrated in Figure 1. We develop an optimization method to design the
waveguide geometry, combining multi-physics optical and mechanical simulations with a genetic algorithm (GA)
capable of handling a large parameter-space [15]. The optimized geometry yields a calculated Brillouin gain of
3300 Wm™, with minimum feature size of 50 nm, compatible with electron-beam lithography.

RESULTS

The proposed optomechanical waveguide geometry, depicted in Figure 1, comprises a suspended central strip of
width w,; = 400 nm, anchored to the lateral silicon slabs by a lattice of arms with a longitudinal period of A = 300
nm, shorter than half of the optical wavelength, ensuring optical operation in the subwavelength regime. The whole
waveguide has a fixed silicon thickness of t = 220 nm, allowing for single-etch step fabrication. The anchoring
arms are segmented in several sections of width (W;) and length (L;), where the index i = 1 refers to the section
contiguous to the waveguide core and the index i = 5, to the outermost section.
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We implement an optimization method to design the waveguide geometry, combining multiphysics optical and
mechanical simulations with a GA capable of dealing with a large parameter space [15]. For FBS, the optical and
mechanical mode equations decouple and can be solved separately [7] using here COMSOL Multiphysics® software.
We reduce the 3D structure to an equivalent 2D geometry by considering the effective index method and the in-
plane stress approximation to compute the optical and mechanical modes, respectively. The Brillouin gain is
computed afterwards using MATLAB® [6]. Based on the optomechanical calculations, the GA performs a process of
fitness-based selection and recombination to produce a successor population, the next generation. Throughout the
optimization process, the dimensions of the sections 1 to 4 are subject to variations within fabrication-oriented
limits, while the dimensions of the outermost section remain fixed (W5 = 500 nm, L; = 50 nm) to ensure proper
optical guidance.

Silicon, Si
M silica, Si0,

L

Figure 1: Proposed optomechanical waveguide. The width of the waveguide core (w, = 400 nm), the period (A = 300 nm)
and the dimensions of the outermost section (Ws = 500 nm, Ly = 50 nm) remain fixed throughout the optimization
process. The thickness of the silicon slab is settot = 220 nm.

The obtained Brillouin gain G as function of the number of generations is shown in Figure 2a. The convergence
criterion is defined in terms of the difference in performance between the best design and the average of the whole
population, Gg(best) — Gg(average) < 10 Wm™ over at least 10 generations. The calculated field distribution
for the x-component of the optical field (mode effective index is 2.36 and wavelength in vacuum of A = 1556 nm)
as well as the mechanical displacement are depicted in Figure 2b for the optimized 2D geometry. This structure
exhibits a calculated Brillouin gain of Gz = 3461 Wm™ for a mechanical mode with frequency 14.35 GHz and
quality factor Q = 3200. Additionally, a full 3D simulation of the optimized geometry was carried out to verify the
performance of the optimized geometry. The field distributions of the optical (mode effective index is 2.36 and
wavelength in vacuum of A = 1549 nm) and mechanical modes are presented in Figure 2c. The calculated Brillouin
gain provided by this structure reaches Gz = 3278 Wm? for a mechanical mode of frequency 14.79 GHz and
quality factor Q = 4000. These results show a good agreement between the simulations of the approximated 2D
and the 3D geometries.
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Figure 2: (a) Best (in blue) and average (in orange) Brillouin gain as function of the generation number during the
optimization with genetic algorithm. (b) Optical and mechanical modes of the optimized 2D geometry. Normalized
mechanical displacement for the mode with frequency 14.35 GHz (up) and x -component of the optical field at A = 1556
nm in vacuum (down). (c) Optical and mechanical modes of the optimized 3D geometry. As before, normalized mechanical
displacement for the mode with frequency 14.79 GHz (up) and x -component of the optical field at A = 1549 nm in vacuum
(down) are shown.
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For comparison, previously reported silicon periodic waveguides achieved a calculated Brillouin gain of 8000 Wm™
with a frequency of 5 GHz for photonic crystal approach (photonic and phononic bandgap) [12], a gain of 1750
Wm™ with a frequency between 3.21 and 3.48 GHz for hybrid subwavelength (for MIR optical mode) and phononic
crystal (for mechanical mode) [13] and a gain of 2000 Wm™ with a frequency of 9.1 GHz for subwavelength
waveguide (for optical and mechanical modes) [14]. Our approach yields a gain of 3300 W-1m-1 with a frequency
of 14.79 GHz. This result improves previous reported geometries based also on subwavelength structuration both
in gain and mechanical frequency. Additionally, while it does not reach the gain provided by phoxonic crystal
approach, our geometry may be more feasible in terms of optical propagation loss.

CONCLUSION

In conclusion, we propose a novel strategy to optimize Brillouin gain in subwavelength-structured silicon
membranes requiring only one etch step. Based on this approach combining optomechanical simulations and a
genetic algotithm optimizer, we present a original design that yields a Brillouin gain up to 3300 W'm™ for a
mechanical mode of frequency 14.79 GHz. This result compares favourably to previously reported subwavelength-
based Brillouin waveguides, requiring several etching steps [13]. Additionally, our results illustrate the potential of
optimization for obtaining novel designs with improved performance in the context of Brillouin Scattering.
Moreover, they show the reliability of computationally efficient optimizations based on approximated 2D
simulations.
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We have developed a methodology to incorporate nonlocal optical responses, described with
a simple hydrodynamic model, into the numerical Fourier modal method (FMM) technique,
to enable broadening of simulation portfolio of such physical phenomena in plasmonic
nanostructures.
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INTRODUCTION

Approximation of the local response of the material is a common approach in the analysis of the resonant behavior
of the interaction of light with plasmonic nanostructures. However, as the characteristic dimensions of such
structures decrease (in the order of nm), as has recently been shown, models based on nonlocal response (or even
quantum interaction) are needed to describe such plasmonic systems [1]. These new models then provide an
explanation of effects such as new types of resonances and their blue spectral shifts. In reality, in microscopic
descriptions of light-matter interactions, such nonlocal optical response reveals due to the quantum mechanical
uncertainties in material excitations. Up-to-date, there are several nonlocal models existing, based on different
starting conditions, and predicting not always consistent and equivalent phenomena. Selected nonlocal models
have already been successfully implemented in a number of numerical methods such as finite element method [2],
finite-difference time-domain method, integral methods, Mie theory, and others. However, successful and effective
implementation [3,4] using modal methods is missing.

NONLOCAL FOURIER MODAL METHOD

We have relied on our previous profound experience with both periodic (for one-dimensional - 1D and two-
dimensional - 2D cases) and aperiodic version (i.e. isolated structures - for 2D and three-dimensional - 3D cases) of
the FMM technique (or traditionally called rigorous coupled wave analysis, RCWA [5]), applied extensively in various
rather complex problems, including, e.g. plasmonic gratings, periodic arrays exhibiting the extraordinary optical
transmission (EOT) effects, plasmonic metasurfaces, etc., with traditional local-response approximation (LRA), and
several important technical extensions implemented, such as proper Fourier factorization, adaptive spatial
resolution, and symmetrization techniques [6-8]. Here, based on this experience, we have incorporated newly the
nonlocal-response approximation (NRA) into the periodic FMM technique, described with a proper hydrodynamic
model. In modifying the FMM method for these effects, our approach is based on [3]. We consider Maxwell's
equations in the frequency domain with linearized hydrodynamic correction [2]. This model of nonlocal phenomena
is one of the simpler (compared to more complex or quantum models) but it can well describe many experimental
results.

Consider a one-dimensional diffraction grating with a grating period A (see Fig. 1a). A plane wave with a wavelength

of A is incident upon the diffraction grating at an angle 8 (we consider only planar diffraction), due to the nonlocal
effect in metals, we can focus only on TM polarization here. The FMM method is based on the evolution of the
electromagnetic field and material parameters (within one layer) into a Fourier series. Because we have limited
ourselves to TM polarization here, Maxwell's equations (frequency domain) contain only 3 electromagnetic field
components: Ex, Ez, and Hy. The algorithm consists of two basic steps. First, the eigenvalue equation is solved, due
to the non-locality, however, the electric intensity Ex is connected with the divergence of current density J. In the
second step, the S matrix propagation algorithm is solved. Compared to the non-local variant, one equation for
boundary conditions of J; has to be added.
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Fig. 1.: (a) Basic geometry and notation of a periodic diffraction grating, A\ represents the grating period, © is the incident angle
of the TM polarized plane wave, i, is the permittivity of a input medium, and €., is the permittivity of the output medium
(substrate); (b) Schematic of the multilayer structure, parameters: A=543 nm (TM polarization), prism is given with TiO;
(n=2.5489-0.0003i), metal layer and metal substrate are made of silver (n=0.1442-3.1365i); (c) one period of the resonant
diffraction grating, similar to (a), used for non-local simulations. The grating period is 200 nm.

RESULTS
A first example is a simple multilayer structure (see Fig. 1b), for simplicity, we applied the structure from the article
[9] and here we checked the results of our novel non-local code with the Moosh program [9] (see also:
https://github.com/AnMoreau/Moosh), applicable for nonlocal layers. The input TM polarized plane wave @ A=543
nm propagates through a TiO2 prism (n=2.5489-0.0003i), a plasmon mode is then generated on a silver layer with a
thickness of 18 nm. The propagation properties of the plasmon mode are further influenced by a thin layer of air
with a width of 10.7 nm. Below the air layer is a silver substrate. Since the metal layer is 18 nm thick (+ possible
resonant effects), non-local effects are already expected here which was confirmed. Figure 2a shows the
dependence of the reflectivity R on the incident angle 6, again, there is a comparison of our code with the program
Moosh shown. Due to the fact that the condition for the generation of the plasmon mode is fulfilled for a certain
angle, there is a decrease in reflection around 6=80°. If we take into account the nonlocal properties of silver,
represented with the B parameter, B=1.35x10° m/s, there is a further decrease in reflection and there is a small
shift of the peak towards a smaller angle of incidence. In both cases, we can see very good agreement between our
nonlocal tool and the software Moosh. Similarly, figure 2b shows the spectral dependence of the reflectivity R. The
blue line shows the local behavior and the red line the nonlocal behavior. The angle of incidence is set to 6 =82.61°.

|
L ~——local
nonlocal
1 07 A\
:, 06 [
1 ¥ o5 P
. il 04 -
Lk # 0.3 y,
Moosh - local V% 4
0.2F + RCWA - local g’&a; 1 02
Moosh - nonlocal LW 01! NS
oL+ ROWA - noniocal . i N\
0 20 40 60 80 03 035 04 045 05 055 0.6 0685 0.7 075 08
angle 8 [?] wavelength [;:m]

(a) (b)

Fig. 2.: (a) Dependence of the reflectivity R on the incident angle ©: comparison of our new implementation with the program
Moosh. Local solutions are shown in blue, nonlocal solutions (for B=1.35x10° m/s) are shown in red; (b) Dependence of the
reflectivity R on the wavelength A (8 =82.61°). Again, local solution is shown in blue, nonlocal solution (for B=1.35x106 m/s) is

shown in red.

A second example given here is a resonant diffraction grating (see Fig. 1c), this example is taken from [10]. An
incoming plane wave (TM polarization) propagates perpendicularly to the 1D diffraction grating with a period of
200 nm. A silver rod with dimensions 50 nm x 50 nm is separated from the metal substrate (silver) by a thin dielectric
layer (n=1.33) with a thickness of 3 nm. Figure 3a shows a comparison of the zero-order reflectivity spectra for
different number of orders N showing a very good convergence behavior. Next, figure 3b shows the spectral
dependence of the reflectivity. Clearly, there is a resonant peak present around the wavelength of 900 nm. To check
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the performance of the nonlocal version of the FMM method, there is first a local calculation using the standard
version of the FMM (blue line) shown, together with a local calculation using the non-local version of the FMM (blue
dots, here, the nonlocality is just switched off). As can be seen, the results obtained are identical. Further, the red
line shows a rather artificial (but numerically appreciative) case of switching on only the nonlocality of the substrate,
while the black line represents the more realistic case where each metal component is considered nonlocally.
Clearly, the expected blue shift of the resonance towards shorter wavelengths has gradually manifested itself, for
the red and black lines, respectively. Finally, the applicability and flexibility of our nonlocal FMM have been shown,
making it a useful tool for further investigations in the field of nanoplasmonics.
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Fig. 3.: (a) Comparison of the zero-order reflectivity spectra for different number of orders N; (b) Spectral dependencies of zero-
order reflectivity efficiency. The blue curve represents the local calculation using the algorithm given here, which is checked
(blue dots) by the standard RCWA algorithm, the red line shows the calculation of only nonlocal substrate, while the black curve
shows the calculation where all metal components are considered nonlocaly.
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Nonlocal interactions of plasmonic nanostructures are currently being intensively investigated. It
is generally accepted that nonlocal interactions are most pronounced on metallic structures with
nanometre unit sizes and affect the shape of spectral functions of characterizing quantities in the
resonance region. Since the numerical analysis of nonlocal phenomena is quite complicated in
general. Clearly, it is advantageous to use it for the analysis of geometrically more complex
structures. However, for some structures with simpler morphology, it is possible and beneficial to
find (quasi)analytical solutions which can then be applied to build semi-analytical approaches for
the analysis of more complex structures. Therefore, this contribution is focused on the analytical
description of nonlocal manifestations of planar metal layers using the hydrodynamic model. Our
aim is to present here the possibilities of constructing an efficient nonlocal model for 1D metal

layers.
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INTRODUCTION

So-called non-local phenomena in metallic structures
are currently being intensively investigated. These
phenomena are more pronounced on metal structures
whose at least one dimension is usually nanometer-
sized [1]. In very general terms, the nonlocal medium
disrupts the relationship between the electric field
vector and the electric induction vector in the form
D(r,w) = e(w)E(r,w), which applies to dielectric
materials. This deviation is caused by induced current
density waves which are associated with a longitudinal
electric field that does not exist in dielectric materials.
In order to be able to more accurately simulate the
behavior of metallic nanostructures with an incident
electromagnetic wave, it is necessary to extend the
classical models by an equation including the
relationship between the electric field and the induced
current density. The most commonly used non-local
model is the so-called hydrodynamic model (HDM)
which already has a number of applications and
modifications [2]. For our purposes, however, a
standard version of HDM in the form of equations (1)
and (2) will suffice. The first HDM equation is de facto
Maxwell's wave domain equation assuming that the
electromagnetic wave propagates in the environment
of positively charged metal ions [3] of permittivity
(et - seg), where &, denotes the total permittivity of
the material and ¢, is the permittivity of the free
electron gas. The symbol k, = w/c denotes the wave
number in vacuum. Equation (2) represents a linearized
form of equation for the electron gas motion in the EM
field in the frequency domain.

VX (VXE) — k(e — €04)E = iwp],
B*V(V.)) + w(w + iy)] = iww)&E.

€Y)
(2)
The values of the important constants of the HD model
(Fermi velocity, plasmonic frequency, nonlocal

parameter, damping coefficient) for silver and gold are
given in Table 1.

constant units gold silver
vf 10°m.s™1 1.39 1.39
Wy 101°Hz 13673 13627
B 10°m.s™" | 0.774xv; | 0.774*vy
y 10%°Hz wy /127 wp/360

Tab. 1 Table of HD model parameters (Fermi velocity,
plasmonic frequency, nonlocal parameter, damping)[3].

MODEL FOR NONLOCAL METALLIC LAYERS

One of the simplest and also the easiest structures to
fabricate is a structure composed of planar metal-
dielectric layers. The analysis of these structures is very
valuable both for the examination of the deviations and
limits of classical local theory and also for the
knowledge that could help in the analysis of more
complex structures in the future. Recently, some
numerical simulation methods have been developed
[4], but our interest here is to find a (quasi)analytical
solution, specifically using the formalism of transfer
matrices [5] which is a suitable tool for the analysis of
planar layered structures. In addition to the advantages
of simple implementation and calculation speed,
analytical methods have clearly other positives, such as
a relatively easy possibility of finding extremes of
selected quantities or a possibility of adapting to some
modifications of the HDM or boundary conditions for
the current density. Our goal was to create a simple
simulation tool enabling the analysis of both single
metal layers and metal bilayers, surrounded by
dielectrics, see Fig. 1. We focused exclusively on the
description of the interaction of the TM polarized plane
wave with the metallic gold or silver layer because in
the case of TE polarization, the existence of nonlocal
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effects does not manifest. The interaction of the TM
plane wave with the nonlocal environment can be
schematically illustrated in Figure 1.

As indicated in Figure 1, a TM polarized wave
propagates into a metal layer at the angle of incidence
a,. The plane of incidence is determined by the X and
Y axes. The first medium is a dielectric defined by the

refractive index ny and the impedance z, =\/m,
where p and e denote relative permeability and
permittivity of the first medium, respectively. The
parameters of surrounding media are marked
analogously. The numbers in the subscript of the
guantity are assigned to the surrounding medium, the
lowercase letters r, s, t, i represent quantities of the
reflected, scattered, transmitted, and incident fields,
capitals letters T and L indicate transversal and
longitudinal waves. The additional superscripts (+) and
(=) of the wave number are tied to the direction of
propagation along the Z axis. Tangent fields in the y-
axis direction at the first interface are denoted as Ey4
and Hyq, similarly tangent fields at the second interface
are denoted as E{5 and Hq,.

Ny Zg

N, Z, =

Fig. 1 Scheme of nonlocal interaction of metal layer with TM-
polarized plane wave.

All the characteristic properties of a considered metal
layer can be determined by solving the boundary
conditions of the continuity of tangential components
of E and H at both boundaries together with the
conditions J,, = 0, i.e. the zero normal components of
the current density. From equations (1) and (2), it is
possible to determine the wave numbers for the
transverse and longitudinal fields and a specific form of
the boundary conditions can be determined from the
geometric concepts, see Fig. 1. In further relatively
laborious steps, it is possible to obtain relationships
between the magnitudes of the tangential fields at both
interfaces of the metal layer and thus obtain a transfer
matrix, expressed with a general expression (3) (the
symbol 17, means the vacuum impedance):

(roins)
noHo1

Eq3.

M, (770”12)'

3)
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The transfer matrix of the resulting multilayer
structure, i.e. the structure with isolated metal layers,
can be expressed using the transfer matrices of the
individual layers as

MtOt = M1 * M2 e nes .Mn. (4’)

The index numbering of the layers and their transfer
matrices is considered ascending in the direction of
propagation of the incident wave. The situation is much
more complicated in the case of two bounded metal
layers. The boundary condition for the normal
components of the current density at the joint interface
of the two metals no longer applies and even relation
(4) for the total transfer matrix cannot be used.
However, in general, if the total transfer matrix of a
given multilayer is already known, then the individual
characteristic quantities of the whole structure can be
determined as an analytical function of the
components of the total transfer matrix.

RESULTS

We have built an analytical method based on the
above-mentioned principles, which can analyze the
non-local effects of both metal layers and metal
bilayers. Our research has so far been limited to finding
the parameters of the structure and the incident TM
plane wave in which the nonlocal response is more
pronounced. Fig. 2 shows two cases of analyzed

structures: (a) a single metal layer and (b) a metal
bilayer which we investigated.

dielectric Ny dielectric N3

(a) (b)

Fig. 2 Illustration of structure and main parameters of (a)
single metal layer and (b) double metal layer.

In order to assess the effect of the nonlocal
response, we chose the deviation between
reflectances (Ryp —R), where Ryp is the
reflectance calculated using the HD nonlocal
model while R is the reflectance determined in the
standard (local) way. Below we present selected
calculations of the reflectance deviation for the
gold metal layer (see Figs. 3 and 5) and their
analogues (see Figs. 4 and 6) for the metal bilayer
(for simplicity selected here as: the upper layer as
gold, lower layer as silver, same thickness). From
our extensive simulations, it turns out that a more
significant deviation due to nonlocal behavior can
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be expected mainly for the sliding angles of
incidence (the angle 85.5 degrees chosen as the
optimal value).
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Fig. 3. Reflectance deviation between HD and local model as
dependence on gold layer thickness d and wavelength A.
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Figs. 3 and 4 show the dependence of the
reflectance deviation on the wavelength of the
incident wave and the thickness d of the gold layer
(dtor for the gold-silver bilayer in Fig. 4), for the
refractive indices of the media of n, = 1.7 and
n, = 1.6 (or ns, respectively).

-R).d = [44] nm, A = 532 nm, o, = 85.5"

O

Fig. 6. Reflectance deviation between HD and classic model
for gold-silver bilayer at wavelengt A =532nm as
dependence on upper ny and bottom refractive index nz.

The deviation of the reflectance is fundamentally
influenced by the refractive indices of the external
environment, such dependence at a fixed thickness of
the gold layer and the total thickness of the bilayer at 8
nm (@ wavelength of 532 nm) is shown in Figs. 5 and 6,
respectively. From the analysis presented here, it is
evident that in specific situations, for certain
parameters, non-local effects can manifest themselves
in a significant way for thin metal layers and bilayers.
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All-optical switching is an appealing approach for signal processing, optical communications
or sensing systems. In this paper, we compare the performance of aluminium doped zinc oxide
(AZO) and indium tin oxide (ITO) as epsilon-near-zero materials in thin-film configuration
integrated in a hybrid silicon photonic waveguide. Our results reveal the best operational
parameters for enabling compact, ultrafast and energy-efficient operation.

Keywords: epsilon-near-zero, nonlinear optics, silicon photonics, all-optical, switching

INTRODUCTION

Nonlinear optical effects enable a wide variety of photonic applications in the fields of telecommunications and
information technology [1]. These effects can be utilized to control all-optically the amplitude, phase and frequency
of light. Furthermore, with the arrival of new computational demands such as artificial intelligence, all-optical signal
processing may become a key technology to enable the next generation of computation and communication
devices. However, such technologies are fundamentally limited by the weak optical nonlinearity exhibited by most
CMOS compatible materials [2]. This leads to high power consumption and long propagation lengths, making the
integration of compact and efficient nanophotonic devices a challenging task. In view of these considerations,
recent studies have demonstrated that epsilon-near-zero (ENZ) materials can be leveraged to perform large
ultrafast modulations of their complex refractive indices, enabling highly efficient all-optical switching in ultra-
compact devices[3]. An interesting subset of ENZ materials are low-loss ENZ materials, also known as near-zero
index (NZI) materials, in which the real index is less than unity. Such materials allow an enhancement of nonlinear
processes due to strong light confinement effects, especially in hybrid silicon photonic waveguide architectures([3].
In this regard, transparent conductive oxides (TCOs) can be considered CMOS compatible NZI materials that operate
in the near infrared (NIR), thereby offering great potential for integrated photonic applications. Indeed, when TCOs
permittivity becomes close to zero the materials induces an extraordinary enhancement of local electric field[4]
and extreme optical nonlinear effects [3], [5], [6]. In 2016 Alam et al. showed that indium tin oxide (ITO) exhibits
unity order nonlinear response linked to its ENZ resonance upon optical pumping. This effect was understood as a
consequence of the change in effective mass due to the non-parabolic electron dispersion [7]. Similar nonlinear
response has been observed in other TCOs such as doped zinc oxides [8] and cadmium oxide (CdO) [9]. To date, all-
optical switching with CdO hybrid waveguides has been proposed in the form of ENZ absorption modulators [6],
switching between a low loss dielectric state and the lossy ENZ state of the TCO film. Electro-optical ENZ based
phase modulators has also been proposed [10]. These articles converge in pointing out the importance high mobility
TCOs as a requisite to design efficient modulators, signalling CdO as an ideal candidate. However, future
perspectives on TCOs such as CdO are limited due to their scarcity or toxicity. In this regard, more eco-friendly
alternatives such as AZO are investigated in this article to bridge the gap between current TCO research and their
future applicability as optical switches and modulators. Here we present an ENZ-based all-optical amplitude switch
built on a TCO/Si hybrid waveguide operating near the third telecom window with ultrafast switching time—tens
of femtoseconds—and picojoule energy consumption. The impact of the TCO’s carrier density and mobility on the
performance of the switch, including energy consumption arguments, is investigated by selecting two TCOs with
different properties (ITO and AZO) and calculating a suitable figure of merit (FOM) to gain insight into the underlying
physical mechanisms as well as to predict the optimal material and experimental requirements to design efficient
devices.

RESULTS

Near resonant values of the TCO refractive index need to be considered in the design for an efficient operation. The
relative permittivity of TCOs in the NIR region under intraband excitation can be described by a Drude model with
a nonparabolic electron band. The nonparabolicity introduces electron effective mass dependence on energy,
defining an electron temperature-dependent effective-mass contribution that can be used to interpret the cause
of the nonlinearity and to provide functional relationships between the refractive index, the wavelength and the
excitation energy. Such relationships are numerically calculated for ITO and AZO with reported parameters [11]
and
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the expression of the nonparabolic Drude model [12] taken from literature. From the perspective of design, the two
most important parameters of a TCO described by a Drude model are carrier concentration N and mobility u. Here
N is taken as a variable. Thus, the selected materials will be defined by their mobility, having a value of 15 cm? V-1
s-1for ITO and 50 cm? V-1s-1 for AZO. While N controls the position of the ENZ (temperature and wavelength), u
has an effect on the shape of the resonance.

Then, the permittivity values are used to calculate the first TM mode of the ultra-thin TCO film/Si hybrid waveguide
shown in Figure 1(a). All-optical phase switching is attained by employing a pulsed pump and a continuous wave
(CW) probe configuration that, upon pump absorption, raises the electron temperature up to several thousands of
Kelvins and, in this way, switches the device’s state from a low loss state to a high loss state (tuned at the ENZ
temperature). High losses are produced by the strong modal confinement withing the lossy TCO film. In general,
switch’s ON-state is activated at the ENZ temperature (T.£'?) and its value depends on TCO’s carrier concentration
and wavelength. In the contour maps of Figure 1(b-c) the color bar values of ER are defined as the OFF-state losses
(Te= 300 K) minus the ON state losses (i.e. ER = Loss (300K) - Loss (Te) in dB/um units). The maps were calculated at
a fixed wavelength of 1550 nm. In such plots the position of the ENZ resonance as a function of carrier concentration
N is shown as a dotted line. In the case of AZO, the room temperature ENZ (T, = 300 K) is located at
N =0.9x10% cm™3. This means that losses are maximal at 1550 nm for this particular value of N and T, and that, upon
absorption of pump power, the system would detune from being resonant at the ENZ as temperature rises,
therefore decreasing losses (this is the reason why ER is negative around this region). To operate the device
inversely (ER positive) the value of N should be increased to detune the ENZ resonance from T, = 300 K. It follows
that, the higher the value of N the greater the ER of the device and the lower the insertion losses (/L = Loss (300K)).
However, the required value of AT, also scales and, consequently, the energy consumption of the switch. In this
context, the FOM = ER/AT. can be introduced to compare the performance of both materials. This results in the
maps of Figure 1(d-e). Such maps reveal a fivefold difference between ITO and AZO materials (see maximum FOM
values in Table 1), implying the superior switching performance of AZO in terms of energy efficiency. Another metric
that can be obtained is the bandwidth of the device. Figure 1(f-g) was calculated by sweeping the wavelength for a
given value of N and T (in this case, the pair of values that maximizes the FOM) revealing that the hybrid waveguide
loaded with ITO has a much broader response.
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Fig. 1. (a) Cross section and sketch of the all-optical switch based on a hybrid TCO/Si waveguide. (b), (c), (d), (e) Contour maps
of the ER and FOM as a function of Teand N calculated at a fixed wavelength of 1550 nm. (f), (g) Dependence of FOM with
wavelength for a given value of N and T.

Another important analysis that can be performed with our device is to balance the energy requirements and optical
losses of the switching process. The transient evolution of the TCO can be described through a Two-Temperature
Model (TTM). Such models are typically used to evaluate the energy transfer following ultrafast photoexcitation. In
our case, the FOM can be redefined as FOM = ER/E;. Here E;is the switching energy required to produce the
increment AT.. In Table 1 the FOM with energy units was calculated with a pump pulse of 100 fs. Required powers
were of 3 W and 0.5 W to reach AT. = 4500 K in the case of ITO and AT, = 2500 K in the case of AZO. All modelling
parameters and equations were taken from [7] and [9].
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ER (dB/um) IL (dB/um) FOM (dB um™ K*) FOM (dB um pJ?) Bandwidth (nm)
AZO/Si 4 1 0.0006 5 80
ITO/Si 15 2 0.0032 130 180

Tab. 2. Maximum values of the FOM and ER, IL corresponding to maximum ER point and optical bandwidth.

DISCUSSION

Through analysis of nonparabolic Drude model equations the large nonlinear response TCOs under ENZ regime has
been explored. We calculate a FOM that compares TCOs at their peak performance. For moderate mobility ranges,
15-50 cm?Vts? large values of ER can be obtained (up to 15 dB/um in the case of AZO, Table 1). The IL associated
with the maximum ER configuration are also reported in Table 1. When compared with ultrahigh mobility materials
such as CdO (>300 cm?V1s1) on similar hybrid Si waveguide switching devices, having a maximum ER of 20 dB/um
[9], we can therefore conclude that pursuing exceptionally low loss ENZ materials is not pivotal in the design of
efficient amplitude switches. On the contrary, device performance should be balanced with energy consumption.
Indeed, when FOM takes into account the energy consumption argument, the comparison between high mobility
TCOs (200 dB um™ pJt for CdO [9]) and moderate mobility TCOs (130 dB um™ pJ™for AZO in Table 1) become less
prominent. Still, TCOs with even lower mobilities present huge performance gaps that renders materials such as
ITO unfeasible to develop efficient all-optical integrated devices (5 dB um™ pJ-tfor ITO in Table 1). Another relevant
consideration is optical bandwidth because as mobility is increased the value of bandwidth decreases (Table 1). In
this scenario, high mobility TCOs might offer worst performance depending on the application.

In conclusion, TCO are materials with tremendous potential for integrated photonics. To date, all-optical switching
between high-low loss ENZ modes exhibit the highest switching efficiency in current literature [9]. Apart from their
remarkable nonlinear response due to their NZI condition, TCOs can be readily integrated into current nanophotonic
circuitry without costly fabrication procedures and their optical properties can be flexibly tuned during fabrication
time or even electro-optically during run time. However, such flexibility requires the development of computational
tools and predictive knowledge to tackle the many possibilities that arise during design. That is the reason why
comparative analysis such as the one conducted on this paper may help to pave the road towards next generation
all-optical switches based on TCOs.
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In this paper, we present the generation of supercontinuum in ultra-low loss silicon nitride
waveguides fabricated in 200mm wafer. The waveguide was pumped at its maximum group
velocity dispersion wavelength. Both experimental and simulation results are presented and
compared. We observed a rather flat and symmetric spectrum expansion over 1.3 octave from
visible to near IR wavelength range with a pump pulse energy lower than 65p).

Keywords: silicon photonics, nonlinear optics, supercontinuum, integrated optics

INTRODUCTION

Nonlinear optics has paved a way to many integrated photonics applications including optical communications,
sensing and quantum technology. Among all nonlinear mechanisms, supercontinuum generation (SCG) taking
advantage of third order nonlinearity (optical Kerr effect) is an interesting effect to largely expend the spectrum
covering over one octave. Indeed, the wide spectrum expansion is essential for f-2f interferometry [1]. For
applications like optical tomography and spectroscopy, we wish spectra to be as wide as possible [2]. In our
research, we focus on SCG in ultra-low-loss silicon nitride waveguide. Silicon nitride is currently used for its good
compatibility to silicon platform and low propagation loss behavior. Our SiN waveguides were fabricated by CEA
Leti using a wafer-scale process to achieve ultra-low loss property, as low as a few dB/m [3]. Such low loss can
compete with the performance obtained with Damascene process [4]. Besides, this material has a negligible
nonlinear loss (two photon absorption, TPA) in visible and near IR wavelength range. We pumped the waveguide in
anomalous dispersion area around its maximum group velocity dispersion (GVD) wavelength. We has obtained a
relatively symmetric spectrum broadening over 1.3 octave due to its quasi-parabolic group velocity dispersion
profile [5].

RESULTS
- WAVEGUIDE DESIGN

The device is implemented on the silicon nitride on insulator (SiNOI) platform with a geometry reported in Fig.1(a).
The cross section has a 40° bevel on the corner attributed to encapsulation step in the fabrication process. The
length of the waveguide is 2cm. We harness soliton fission and dispersion wave (DW) generation from dispersion
engineering to largely extend bandwidth [6].
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Fig. 1.(a) Waveguide cross section geometry. (b) Group velocity dispersion curve at TE polarization.

The waveguide presents a linear loss below 20dB/m and a group velocity dispersion (GVD) property showed in
Fig.1(b). From the integrated dispersion curve reported in Fig.3(b), two dispersive waves are predicted around
645nm and 1465nm, which results in a spectrum expansion around 1.3 octave.

- CHARACTERSATION

To predict the spectrum of supercontinuum, numerical simulations have been investigated. In the simulation, we
numerically solved the generalized nonlinear Schrodinger equation (GNLSE), see Eq.1, in which the noise has also
been taken into account in simulations. We have neglected Raman effect in our simulations because of the short
Raman shock time and short waveguide length. The material index dispersion of SiNxy was measured by ellipsometry
method and has been taken into account in the simulations. A nonlinear refractive index of n, = 2.4*10° m/W was
used which is a common value for stoichiometric SizNa.

d0A a . ik oka i i 9
o, = 5 A+ i Zke2 B o T V(L iTsnock 5 )1AIPA (1)

Experimental characterizations were carried out using a femtosecond laser (FWHM 190fs, repetition rate 1Mhz)
which is tunable by using optical parametrical amplifier Fig.2.
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Fig. 2. Schematic view of our tunable femtosecond laser set-up.

We pumped the waveguide around its maximum GVD in the anomalous dispersion region. The coupled peak power
varied from 69W to 695W for pump at a wavelength of 1060nm. The coupled powers are measured from a
broadband power meter and are also determined from simulation results. The output spectra of the device exhibit
an extensive broadening of the input pulse from 630nm to 1500nm at -30dB level with a pump peak power of about
300W (single pulse energy 65pJ). The spectra become quite flat if we continue increasing the pump power. The
numerical simulations also show a good agreement with experimental results.
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Fig. 3. (a) Experimental (black line) and simulation (green line) spectra of the waveguide in function of coupled peak power
from femtosecond laser pumped at 1060nm. The pulse energies are also shown on the graph in grey. (b). Dispersive waves
phase-matching conditions are shown in two different peak pump power (161W and 695W). The positions of DW correspond

well with experimental characterizations.

DISCUSSION

We used femtosecond pulses to generate supercontinuum in the soliton fission regime caused by higher order
dispersion. Comparing to previous work on nitrogen-rich SiN waveguide [7] and Ge-rich graded SiGe waveguide [8],
the experimental results show a rather symmetric and flat spectrum broadening. The depletion of pump power
indicates a good conversion efficiency. The slight difference between experimental characterizations and
simulations could origin from inaccuracy in dispersion simulation since supercontinuum is very sensitive to
dispersion curve. We have proved that the wafer-scale ultra-low-loss SiNy platform developed by CEA Leti is
interesting for supercontinuum generation under low input power. The broadened spectrum from visible to near-
IR is suitable for applications like optical tomography and sensing. More works in the future will be carried out to
reduce the power demand toward using a compact on-chip source to trigger this complex nonlinear effect.
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High-quality p-type Ge multiple quantum wells structures were grown, and mid-IR absorption
spectra have been measured by FTIR spectrometry. Clear absorption peaks were observed for
different values of the quantum well thickness and were attributed to intersubband
transitions by k-p simulations backed by XRD measurements.

Keywords: Ge MQW, QWIP, intersubband

INTRODUCTION

Detection in the mid-IR wavelength range is of great interest to enable gas sensing and biological spectroscopic
detectors, which require an absorbing material in the 3-5 and 8-13 um windows [1]. Commercial detectors employ
either mercury-cadmium-telluride (MCT) or InSb as sensing material, but they’re fragile, difficult to process and
integrate on silicon, resulting in a very high cost [2, 3].

Cost effective mid-IR detectors may be fabricated by exploiting intersubband transitions in high-quality Ge multiple
quantum wells nanostructures, thanks to the possibility of integration in standard CMOS processes. Moreover, the
absorption of such quantum well infrared photodetectors (QWIP) can be tuned by varying the quantum well width
and strain level, therefore shifting the transition energy to the desired value.

n- and p-type SiGe QWIPs, which present a weaker absorption compared to pure Ge MQW structures, have already
been demonstrated in the past [4,5], and germanium QW!IPs have only been demonstrated by exploiting
intersubband transitions in the conduction band [6]. Here p-type Ge MQWSs structures are investigated as a platform
for the fabrication of QWIPs which, thanks to the non-parabolicity and band-mixing effects in the valence band,
present both TE and TM absorption and can therefore be employed in both vertical illuminated and waveguide
geometries, while having a larger absorption coefficient compared to SiGe designs.

RESULTS

Three different Ge MQW designs, each with a different quantum well width, were grown by LEPECVD on high-
resistivity Si wafers. Moreover, a second set of samples was grown with the same quantum well thickness to
investigate the effect of different doping levels. A virtual substrate with a linearly graded concentration profile from
pure Si to SiGe 80% was used as a buffer layer to achieve high quality QW superlattices with a low density of defects.

High resolution x-ray diffraction (XRD) reciprocal space maps were then acquired and the relevant parameters (i.e.
qguantum well thickness, superlattice period, average Ge content of the MQW stack) and used as the starting point
of the k-p simulations. The theta scan of the three samples are shown in Fig. 1 together with the fitted curves.
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Fig. 2 FTIR room-temperature absorption spectra of MQW designs with a) different quantum well thickness for a 5x10'8 cm p-
type doping, superimposed to k-p simulations (dashed lines), and b) different p-type doping levels of the 10.7 nm quantum well.

Room-temperature absorption spectra of the MQW stacks were obtained by measuring the transmittance and
reflectance spectra at normal incidence with a FTIR spectrometer and a LN2-cooled MCT detector, and the resulting
spectra are shown in Fig. 2 for the two sets of samples.

Finally, 8-band k-p simulations were performed to attribute the experimental peaks to an intersubband transition,
using the structural parameters extracted from the XRD data.

DISCUSSION

Clear absorption peaks can be observed in the spectra in Fig. 2a in the 7-9 um wavelength range, which is the desired
one for many sensing applications. Moreover, it can be clearly seen that the absorption peak shifts to longer
wavelengths (i.e. lower energies) as the quantum well width increases, thus reducing the spacing between the
confined energy levels. The k-p simulations confirm that this peak is related to the LH1-LH2 and show the same
experimental shift due to the different quantum well widths.

The absorption spectra for a 10.7 nm QW design with different doping levels in Fig. 1b shows that p-type doping is
indeed needed to move the Fermi level in the valence band and populate the LH1 energy level. Further increase of
the doping is not beneficial as more transitions toward weakly or non-confined states become available, leading to
a very wide peak compared to the 5x10® cm™ sample. Moreover, free carrier absorption is also expected to be
stronger.

Therefore, it can be concluded that p-type doped Ge MQWSs structures are a promising platform for the fabrication
of inexpensive QWIPs, and that their optical properties can be tuned by changing the quantum well width.

Acknowledgements: The authors acknowledge Francesco Rusconi and Paolo Biagioni for access to the FTIR
spectrometer and constructive discussions about the measurements. This work has been supported by Fondazione
Cariplo, grant n° 2020-4427.

References

[1] R. Soref, Toward silicon-based longwave integrated optoelectronics (LIO), Proc. SPIE, 6898, 689809, 2008

[2] A. Rogalski, Quantum well photoconductors in infrared detector technology, J. Appl. Phys. 93, 4355, 2003

[3] B.W.lia, K. H. Tan, W. K. Loke, S. Wicaksono, K. H. Lee, S. F. Yoon, Monolithic Integration of InSb Photodetector on Silicon
for Mid-Infrared Silicon Photonics, ACS Photonics, 5 (4), 1512-1520, 2018

[4] R.P.G. Karunasiri, J. S. Park, Y. J. Mii, K. L. Wang, Intersubband absorption in Sil-xGex/Si multiple quantum wells, Appl.
Phys. Lett. 57, 2585-2587, 1990

[5]1 J.S. Park, R. P. G. Karunasiri, and K. L. Wang

[6] M. De Seta, G. Capellini, Y. Busby, F. Evangelisti, M. Ortolani, M. Virgilio, G. Grosso, G. Pizzi, A. Nucara, S. Lupi, Conduction
band intersubband transitions in Ge/SiGe quantum wells, Appl. Phys. Lett. 95, 051918, 2009

4 - 6 May 2022 - Milano, Italy - 23 European Conference on Integrated Optics

199



T.P.10
Q

Static and Dynamic Nonlinear Effects in Silicon Micro-Rings: Impact of
Trap Assisted Shockley Read Hall Carrier Recombination

(Student paper)

Marco Novarese?, Stefania Cucco?, Sebastian Garcia Romero?, Jock Bovington3, Rongging Hui*, Mariangela
Gioannini?
1Dipartimento di Elettronica e Telecomunicazioni, Politecnico di Torino, Torino, 10129, Italy
2Cisco Optical GmbH, Nuremberg, Germany
3Cisco Systems, San Jose, CA 95134, USA

4 The University of Kansas, Lawrence, KS 66045
“ marco.novarese@polito.it

We present a new model for the analysis of non-linear effects in silicon micro-ring resonators
based on the Shockley Read Hall model for carrier recombination in the silicon core. We can
reproduce both measured ring transmission spectra varying input power and measured ring
oscillating regimes. We report also pump-probe experiments for extracting the recovery
dynamics of the effective loss and refractive index change.

Keywords: SRH, Non-linear effects, ring resonator, FCA,TPA, self-heating, pump-probe

INTRODUCTION

It is well known that silicon waveguides and rings experiment important non-linear effects that often hinder the use
of these devices in silicon photonic integrated circuits dealing with power in the order of a few tens of milliwatts.
This is in particularly true in ring resonators, where high circulating power can be reached. As a result, in order to
efficiently design silicon based micro-ring resonator, an accurate model is needed. Models in the literature,
developed to fit experiments, are based on empirical expressions for the carrier lifetime[1],[2] and thermodynamic
modelling of self-heating [3]. We present a new model that is based on the Shockley-Read-Hall (SRH) theory to
predict the carrier lifetime of free carriers (FC) generated in the silicon waveguide core. We show that, by properly
defining values for the energy of traps and surface trap density, we are able to reproduce experimental
measurements in both steady state and in time domain when the ring output power presents periodic oscillation
even with CW injection. This oscillating regime is due to the interplay between FC generation and self-heating. We
also propose pump-probe experiments for measuring the time evolution of the ring transmission spectrum and
then retrieve the time recovery of the non-linear absorption and refractive index change.

MODEL

Our theory is based on the well-established model of Two Photon Absorption (TPA), Free Carrier Absorption (FCA),
Free Carrier Dispersion (FCD) and self-heating [2] in silicon. The inclusion of the SRH non radiative recombination
of the free carriers is performed with the introduction of the rate equations for trap assisted recombination
processes [4] which allows us to calculate the excess electron (n,) and hole (p,) generated by TPA. The electron
and holes SRH rate equations can be decoupled in steady state making it possible to solve them analytically. The
self-heating is included by calculating the temperature increase due to the power absorbed in the silicon core. For
fixed input bus power Py, ; and wavelength 4;,, we solve a non-linear system that returns the power circulating in
the ring (Pc), the excess carriers, the effective waveguide loss, the variation of refractive index and the temperature
increase. Sweeping A;,, we can then compute the transmission coefficient of the ring and compare it with the
experiments. To simulate the ring dynamics and oscillating behaviour, the model is also extended to the time
domain by naturally solving the SRH rate equations coupled with the dynamic equation for the circulating optical
electric field in the ring. In this framework the temperature variation in time is modelled in Comsol Multiphysics
and thermal time constants are derived in accord with [3]. This model can be also used to interpret the and probe
experiments discussed in the following.

RESULTS

We consider a racetrack ring of total length of 80 um. The ring waveguide has a width of W = 450 nm and height
h = 215 nm. Steady state measurements were performed by a forward wavelength sweep from blue to red around
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a selected cold resonance wavelength 4, = 1540.2 nm using an Agilent 8168A and a N7714A tunable lasers. The
measured spectra were then fitted with the theoretical model to reproduce the shift of resonant wavelength and
the variation of the transmission coefficient at resonance as a function of P,,;. The energy level of traps E; and the
related surface trap densities were set as the fitting parameters, the first was varied around the middle of the band
gap while the second is expected to be in the range 101° — 10%2¢m™2[5]. Fig. 1 (a) and (b) shows the fitting results
inthecase E, = 0.69 eV ,N; = 7.4 - 10'°%cm™2. Fig. 1(c) reports the comparison between measured and simulated
transmission spectra at low input power (almost linear regime) and high power when strong non-linear effects and
self-heating are excited. The larger error bars in Fig. 1(a) and (b) refers to the precision of the high power tunable
laser employed in measurements, whereas the error bar in Fig. 1(c) refers to output power oscillations observed
at high input power.
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Fig. 1. Shift of resonant frequency (a) and variation of transmission at the through port at resonance (b), blue dots represent
values extracted from measured spectra. From the fitting procedure we have E, = 0.69 eV ,N, = 7.4 - 101°%cm™2. (c) Low
power (blue) and high power (red) transmission coefficient, dashed line are measured transmission coefficients, the red error
bar indicate the oscillatory behaviour caused by the interplay of FC and self-heating with CW input power . (d) Holes and
electron lifetime as a function of the calculated circulating power.

Fig. 1 (d) shows the calculated hole and electron lifetimes, defined as 7, , = (Ze’pE), as a function of P.. Both
TPA

lifetimes exhibit a non linear behaviour because they are function of the circulating power and this dependence is
essential to reproduce the experimental results. We note that for bus power higher than 1.5 mW, corresponding
to P. = 15 mW, both holes and electrons lifetime tend to a costant value equal to 7, = 70 ns, meaning that all
traps are saturated by captured carriers. In this case electrons and holes dynamics can be approximated as equal,
which justifies the assumption considered in other works [1,2,3]. Nonetheless thanks to our SRH model we can
calculate the lifetimes without the need of any empirical expression. With the fitting parameters retrieved from the
steady state analysis and measurements, we proceeded in reproducing periodic oscillations of the ring observed by
measuring the time trace of the output power at the through port of the racetrack resonator. Fig. 2 (a) shows the
superposition of the normalised output signal recorded with an oscilloscope and the prediction from the model in
the time domain when we inject CW Py, = 11 dBm at 1;;, = 4,. We can see that the model is able to follow the
measured signal very well and can predict the periodicity of the oscillations. By analysing the simulated time
evolution of excess carriers and circulating power in Fig. 2(b) and the variation of effective refractive index due to
FCD and self-heating in Fig. 2(c) we are able to explain the origin of these self-oscillations as the interplay between
the FC dynamics and the thermal transient which causes the resonant wavelength to oscillate with time (blue curve
in Fig. 3c). We conclude by proposing a pump-probe experiment whose principal steps are summarised in Fig. 4.
We set an high energy pulsed pump signal (P,ymp (t)) with pulse width equal to 200 ps and a period of 130 us at a
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ring resonance Agpyump = 1547.1 nm, whereas the CW probe wavelength A,,,p.is swept around the cold nearest
resonance at Ag,rope = 1540.2 nm, as sketched in Fig. 4 (a).
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Fig. 3. (a) superposition of the normalized through port signal recorded on an oscilloscope and simulated through port
coefficient for (b) Simulated holes and electron carrier densities (left) and circulating power (right) as a function of time. (c)
Variation of refractive index due to temperature and FCD (left) and resonant wavelength (right) in time.
Generated free carriers by the pump pulse force a refractive index change that causes a blue shift of the resonance.
The variation of the probe power depends therefore on the relative position of A,,,,, With respect to the cold
resonance wavelength Ag,rope - By recording many different pump traces at different wavelengths A,.op. , We
can reconstruct the ring spectral response at different time instants after the pump pulse. By fitting the time
resolved transmission spectra we can extract the variation of effective refractive index due to FCD (An,ff rcp) and
the nonlinear loss as a function of time as shown in Fig. 4(e). The model we developed will then be applied to

understand these recovery dynamics.
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Fig. 4. (a) Schematic of the pump-probe experiment. (b) and (c) show probe powers traces signals recorded at the oscilloscope at
the through port for probe wavelength below (b) and above (c) the cold resonance. (d) Time resolved spectral response of the
ring around A prope Gttt = 40ns (just after the pump pulse) and at t = 150ns (when the non-linear transient is concluded and
the ring is in linear regime). (e) Extracted variation of effective refractive index due to FCD and non-linear loss in the ring versus
time.
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Abstract: Free carrier plasma dispersion effect has been exploited to obtain an integrated electro-
optical modulator operating in a broad spectral range of the mid-infrared regime. This modulator
is based on a Schottky diode used to modulate free carrier concentration in a graded Silicon
Germanium (SiGe) optical waveguide and to obtain modulation of the optical transmission. In the
first experimental demonstration, operation was obtained from 6.4 to 10.7 um wavelength with a
single device. The dynamic characterization was performed up to 225 MHz. The work now focuses
on the design of electrical access and RF electrodes to achieve high speed operation. Interestingly
electro-optical bandwidth of a few tens of GHz is expected. © 2022
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INTRODUCTION

Mid-infrared (mid-IR) spectroscopy is of a great importance to detect the traces related to environmental and toxic
vapors. The on-chip integration of spectroscopic system is promising for the development of sensors with high
efficiency and compactness. Due to their vibrational and rotational resonances, many molecules can be detected in
the mid-IR spectral range, especially for the wavelengths from 5 pm to 11 um [1-3]. Integrated electro-optical
modulator (EOM) operating in this wavelength range is interesting for many applications, such as sensitivity
enhancement via on-chip synchronous detection. Recently, we have demonstrated the first integrated modulator
based on a silicon germanium (SiGe) graded-index platform operating from 6.4 to 10.7 um wavelength [4]. This
modulator exploits free carrier concentration variations in a Schottky diode to obtain absorption coefficient
variations. In this work, we evaluate the possibility to improve the device performance to achieve high speed
operation.

RESULTS
a. Experimental results

The schematic view of the integrated modulator is depicted in Fig. 1a. It relies on a graded SiGe waveguide in which
the concentration of Germanium linearly increases from 0 to 100%, which is responsible for a linear increase of the
refractive index in the waveguide. The 6 um-thick graded layer is grown on a highly n-doped Silicon substrate with
doping concentration of 2 x 10'° cm3, which allows for electrical access from the backside of the sample. The graded
epi layer is non-intentionally doped, with a residual n-doped concentration estimated to be in the order of 10'>-10%°
cm3. The waveguide width and etching depth are 5.5 um and 6.8 um, respectively. The electric field profile of the TE
mode at the wavelength of 8.5 um is shown in Fig. 1b, showing a light confinement at the top of the waveguide.
Electrical contacts are deposited on the backside of the sample and on the top of the waveguide, forming a vertical
Schottky diode at the top of the waveguide. When tuning the voltage applied to the device, the variation of free
carriers in depletion or injection regimes is thus responsible for variation of the absorption coefficient of the guided
mode, and for modulation of the optical transmission. Fig. 1c shows a SEM image of the fabricated sample with 2.6
mm-long modulators.
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Fig. 1. (a) Schematic view of the modulator. (b) Electric field profile of the TE mode at 8.5 um wavelength. (c) SEM picture of the
fabricated device. The optical taper used to enlarge the waveguide and the top contact layer, to apply the electrical probe can
be seen.

First, the modulation has been characterized in terms of modulation efficiency. In the injection regime, the
concentration of free charge carriers in the optical waveguide increases by applying a direct voltage on the diode.
Thus, the relative optical transmission gradually decreases when the current increases. The highest extinction ratio
obtained in this configuration is 1.3 dB at the wavelength of 10.7 um (Fig. 2a). In the depletion regime, free carriers
are extracted out of the depletion region, thus the relative optical transmission increases when the reverse bias
voltage increases (Fig. 2b).
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Fig. 2. Electro-optical modulation in TE polarization (a) in the injection regime and (b) in the depletion regime.

Dynamic characterization has also been performed. To this end, the light coming out from the output of the device
is sent to a fast mid-IR detector operating up to 600 MHz. An RF electrical signal is applied to the modulator, and an
electrical spectrum analyzer is used to measure the photodetected signal as a function of the RF frequency that is
applied. Fig. 3 shows the photodetected signal as a function of the RF frequency in both injection and depletion
schemes. As observed in injection regime, the signal linearly decreases when the electrical frequency is larger than
50 MHz, which is attributed to the effect of free carrier recombination lifetime. In depletion regime, the modulated
signal is almost flat up to frequency of 225 MHz, while measurement at higher frequency is limited by the noise.
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Fig. 3. Amplitude of the photodetected signal as a function of the RF frequency in (a) carrier injection regime and (b) carrier
depletion regime.
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b. Design for high-speed operation

While the achieved performances are already compatible with applications such as on-chip synchronous detection,
it is highly interesting to investigate the possibility to reach higher frequency operation. To this end, the focus will be
given on the depletion regime, where few tens of GHz of electro-optical bandwidths are expected. A careful design
of the electrical access and the RF electrodes is then needed, in order to: (i) ensure that the equivalent RC product is
compatible with high-speed operation; (ii) achieve impedance matching with the equipment used for the electro-
optical characterization (50 ohms) to avoid high RF signal reflection; (iii) reduce the speed difference between
electrical and optical signals propagating along the modulator.

The use of grounded coplanar waveguide (CPWG) electrodes is investigated to that end. A distributed model
considering both light and electrical signal propagation is considered and used to evaluate the electrical S parameters
and the 3 dB electro-optical bandwidth. The equivalent electrical circuit of the Schottky diode is implemented, both
in terms of equivalent capacitance (obtained from simple electrical modelling) and access resistance (based on
experimental results). Finally, the parameters of the electrodes, such as the width of the signal line path and the
distance between the signal and the ground are optimized by numerical calculations. Interestingly, it will be shown
that electro-optical bandwidth of a few tens of GHz can be expected.

CONCLUSION

This work focuses on an integrated electro-optical modulator based on a Schottky diode embedded in a graded SiGe
optical waveguide. This modulator can operate in a wide wavelength range of the mid-IR spectrum (6.4 - 10.7 um).
While the first experimental results were limited to modulating frequencies below 250 MHz, the design of the
electrical contacts and RF electrodes has been carried out to optimize the electro-optical bandwidth. Interestingly,
by using grounded coplanar waveguide electrodes, electro-optical bandwidth of a few tens of GHz are expected.
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In this paper we report the design of 1x5 wireless routers, based on transmitting and receiving
integrated Optical Phased Arrays (OPA), which allow on-chip optical wireless
interconnections. The proposed devices aim at achieving high-bandwidth and reconfigurable
links between multiple nodes. The general design criteria of these routers are reported and
performance increase in terms of insertion loss and crosstalk, obtained by increasing the
number of antennas in each OPA, are demonstrated.

Keywords: wireless optical interconnects, optical antennas, optical phased arrays.

INTRODUCTION

Chip Multiprocessors (CMPs) exploiting the potentialities of parallel computing are the state-of-the-art solution to
face the constant need of increasing computing system efficiency. As the number of cores in chip multiprocessors
continues to scale up, the efficient interconnection of these cores is becoming a major challenge to avoid
communication bottleneck and to meet the high bandwidth, low-power and low-latency requirements which,
actually, cannot be matched by traditional point-to-point connections through dedicated electrical links [1].

The realization of efficient on-chip interconnections is one of the most important challenges in developing new
computing architectures based on heterogeneous multichip integration. In order to overcome the communication
bottleneck of these multichip systems, in this work we propose a new approach based on the use of optical wireless
routers. These routers can be integrated with an existing Optical Network on Chip as an alternative to ring-based
routing matrices, with the aim to increase the overall efficiency of the network. Different configurations of on-chip
1x5 optical wireless interconnections are proposed. These configurations exploit transmitting and receiving Optical
Phased Arrays (OPAs) made of taper antennas [2, 3]. We report the wireless router design criteria as well as the
results of three-dimensional Finite Difference Time Domain (FDTD) simulations. The effect of the multipath
propagation in the on-chip multi-layered medium is also taken into account.

RESULTS

A conceptual scheme of a 1x5 Optical Wireless Interconnection Block (OWIB) is shown in Fig. 1 (a), while the cross
section of the on-chip multilayer structure is illustrated in Fig. 1 (b) [4]. In this scenario, the transmitting OPA can
illuminate five different receivers, provided that suitable phase shifts are applied at the different antennas in each
OPA. The phase shift of the optical signal applied at the input of the different antennas, allows tilting the radiated
beam toward the selected receiving OPA. To guarantee the interconnection between the transmitter and the
addressed receiver, a suitable phase shift must be applied also at the receiving OPA, to virtually steer the radiation
diagram of the receiving array.
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Fig. 1. (a) Scheme of a 1x5 OWIB. OPA: Optical Phase Array; OPS: Optical Phase-Shifter; (b) On-chip multilayer structure
(vz-cross section), highlighting the multiple interfaces in the vertical plane.
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The phase shift necessary for the OWIB operation can be achieved in Si waveguides by using Optical Phase Shifters
(OPSs) based either on thermo-optic or plasma-optic effect [5]. In the scheme of Fig. 1 (a), the antennas are
integrated with standard waveguides and they radiate a wavelength-division multiplexed (WDM) signal with parallel
and simultaneous transmission of different data channels. The wireless propagation of the optical signal occurs in
the on-chip multilayered structure shown in Fig. 2 (b), which was already analyzed by the authors in [3, 4, 6].

The transmitting and receiving OPAs schematized in Fig. 1 (a) are made by aligning some antennas along the y-axis;
each antenna is made by inversely tapering a standard SOl waveguide, with cross-section height h =220 nm and
width w = 450 nm. The taper, having length Lt=2 um, is terminated on a small tip with length | =1 um, and width
wr =130 nm. The guided mode becomes evanescent while propagating in the inverse taper and, therefore, it is
radiated in the surrounding dielectric.

Two different 1x5 OWIB configurations are analyzed, namely: 1) a 1x5 OWIB exploiting N = 3 antennas for each
OPA with distance da=2A/nuv2s (Where A/nuvas is the wavelength in the cladding medium) between adjacent
antennas, and 2) a 1x5 OWIB exploiting N = 5 antennas for each OPA, having one half of the distance (da= A/nuv2s)
between the adjacent elements.

Figs. 2 show the calculated radiation diagrams of the two analyzed OPA configurations as a function of the angle ©
on the horizontal plane with (a) N =3 and (b) N =5 antennas, for different applied phase shifts. The radiation
diagram of the single taper antenna is also reported in Figs. 2 (black curve), for the sake of comparison. To calculate
the radiation diagrams, the antenna arrays were modeled through the FDTD method. Standard near-to-far field
projections of the fields recorded on a closed box, surrounding the antenna and the SOl waveguides, were
calculated after the Fourier transformation of the time-domain electromagnetic fields [3, 7]. As can be seen in
Figs. 2, both configurations allow addressing 5 receivers. In the first configuration (Fig. 2 (a)), the distance between
the N =3 antennas is da=2A/nuv2s. As expected from antenna theory, distances da. between adjacent radiators
greater than the wavelength in the propagation medium, lead to having multiple main lobes in the visible space.
This feature can be exploited in the design of the OPA to address multiple receivers.

As an example, when a phase shift equal to o = +360°/N = +120° is applied to the array elements of the transmitter,
it is possible to steer the maxima of the radiation diagram to the positions of the radiation nulls of the broadside
array (o =0, yellow curve). In this way, either Rx:1 or Rx:2 can be illuminated. To minimize crosstalk, the five
receivers Rx: (with i = 0, 1, +2) should be placed in correspondence of the radiation peaks/nulls.

In the second configuration (Fig. 2 (b)), the distance between the N = 5 antennas is halved (da= A/nuvzs). In this case,
the antenna gain exhibits a single main lobe for every phase shift considered. When the phase shifts
a =*360°/N = £72° and o = +2-360°/N = £144° are applied to the array elements of the transmitter, it is possible to
steer the maxima of the radiation diagram to the positions of the radiation nulls of the broadside array (a = 0, yellow
curve).
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Fig. 2. Gain as a function of the angle @ for different values of the phase shift a calculated for: (a) an array of N = 3 taper

antennas with antenna distance d = 2A/nuvzs, and (b) an array of N = 5 taper antennas with antenna distance d = A/nyvzs.The
taper length is Lt= 2 um and the gain of the taper antenna is also reported (black curve). The wavelength is 1550 nm.

In order to evaluate the performances of the two OWIB configurations, the full devices (made of 1 transmitting and
5 receiving OPAs) were simulated by FDTD considering the propagation in the multilayered medium schematized in
Fig. 1 (b). The transmittances of every link, computed as the total power coupled into the receiver waveguides
divided by that at the transmitter, were calculated for the different phase-shift values. In both configurations, the
distance dink between the transmitters and the receivers, and the distance between the different receiving OPAs,
were optimized to minimize crosstalk and multi-path attenuation [4].

Figs. 3 show the transmittance in dB, calculated as a function of the wavelength, at the receiving OPAs, i.e. Rxo, Rxz1
and Rxz2, with three taper antennas for each array; the taper length is Lt= 2 um, the antenna distance is d = 2\/nuvzs
and the link distance is diink = 55 um. The receivers (a) Rxo, (b) Rx+1, and (c) Rx:2 are addressed by applying the
indicated phase shifts at the transmitting and at the receiving OPAs. The transmittances pertaining to the links
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between the transmitter and either Rx.1 and Rx-2 are not reported since, for the symmetry of the device, they are
similar to Figs. 3 (b) and (c).
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Fig. 3: Transmittance (in dB), calculated as a function of the wavelength, at the receiving OPA:s, i.e. Rxo, Rx+1 and Rx:2, with
three taper antennas for each array (taper length Lr= 2 um, antenna distance d = 2A/nyvzs and link distance djink = 55 um). The
receivers (a) Rxo, (b) Rx.1, and (c) Rx., are addressed by applying the indicated phase shifts at the Tx and at the Rx OPAs.

Similarly, Figs. 4 show the performances at the receiving OPAs, i.e. Rxo, Rx:1 and Rxs2, with five taper antennas for
each array. In this case, the taper length is Lt= 2 um, the antenna distance is d = A/nuvzs, and the link distance is
diink = 65 um. As before, the receivers (a) Rxo, (b) Rx+1, and (c) Rx:+2 are addressed by applying the indicated phase
shifts at the transmitting and at the receiving OPAs.

5 -5 5
15 0=0°, Qg,g.1.5p=0° 15[ A=72°, Olgyu1=-72° Olgeg,1,69=0° =15 a=144°, 0p,.p=-144° g, g 11,=0°
) o b , 41,
T,25 z,-25 3-25
3 @ @
235 235 2-35
-] 8 — ey I
'E -45 E -45 £ -45
—Rx,; —Rx, E —R
2-55 —Rx,|] E£-55 —Rx, || £-55 oy
£ 65 Rxg £es sxn s R,
—RX,, — RXyy ——Rx.
75[ (a) Rz 751 (b) Rx. 751 (c) R
85 -85 85

-
2]
a
1]
=
3]

152 154 156 158 1.6 152 154 156 158 1.6 152 154 156 158 16
wavelength [pm] wavelength [pm] wavelength [pm]
Fig. 4: Transmittance (in dB), calculated as a function of the wavelength, at the receiving OPAs, i.e. Rxo, Rx+1 and Rxs, with five
taper antennas for each array (taper length Lr= 2 um, antenna distance d = A/nuvze, and link distance djinc = 65 um). The
receivers (a) Rxqo, (b) Rx.1, and (c) Rx., are addressed by applying the indicated phase shifts at the Tx and at the Rx OPAs.

DISCUSSION

From Figs. 3 we can infer that, for the OWIB exploiting OPAs with N = 3 antennas, the worst-case insertion loss
IL~= -15 dB occurs when the receivers Rx:2 are addressed. Moreover, the crosstalk between the different ports can
be determined as XTij= 10 Logio(Trxi/Trx), Where Try is the transmittance of the addressed port and Tr« is the
transmittance of a non-addressed one. For the OWIB exploiting OPAs with N = 3 antennas, the worst-case crosstalk
XT21~-12 dB occurs for the links Tx>Rx+2 and between the nodes Rx:1 and Rx:2. Similarly, from Figs. 4 we can
observe that, for the OWIB exploiting OPAs with N = 5 antennas, the worst-case insertion loss occurs, again, when
the receivers Rx+2 is addressed. However, thanks to the higher gain of the OPA, the worst-case insertion loss is lower
IL= -7.5 dB. Also, the crosstalk is improved with a worst-case value XT21~ -22 dB for the link Tx>Rx+2 and between
the receivers Rx+1 and Rxs2. Therefore, increasing the number of antennas in the OPA improves the OWIB
performances. As a counterpart, this increases device footprint and complexity of the phase-shifting circuitry.
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We present a generic design method of compact and alignment-tolerant vertical coupler for
l1I-V-on-silicon photonic integrated circuits. Based on a multi-segmented tapered structure,
our coupler (87 um long) is almost 3-fold shorter than the state-of-the-art adiabatic couplers
but still outperforms with a < 0.3 dB coupling loss (i.e., > 94% efficiency) with + 1.0 um
misalignment, making it suitable for commercially available assembly tools, such as micro-
transfer printing and flip-chip bonding.

Keywords: Heterogeneous integration, vertical coupler, compact, alignment-tolerant.

INTRODUCTION

I1I-V-on-silicon heterogeneous integration enables a variety of active photonic devices, such as SOAs and lasers, to
be integrated with Si photonics circuits. Among diverse integration techniques, flip-chip bonding and die/wafer
bonding are widely used thanks to their high technical maturity. The former allows the IlI-V devices to be pre-
processed/tested yet suffers from limited integration densities and strict coupling requirements, while the latter
supports dense integration but demands modifications on the silicon photonics back-end flow [1]. Recently, micro-
transfer-printing (ULTP) arose as a newcomer in the field. By parallelly transfer printing IlI-V coupons onto silicon
platforms, it combines the advantages of flip-chip bonding and die/wafer bonding without disturbing the process
on the silicon photonics side [2].

The vertical coupler is a key building block for heterogeneous integration as it enables the power transition between
the IlI-V and silicon layers. The tolerance to lateral misalignment is essential for vertical couplers. For example, the
30 alignment accuracy for current puTP tools ranges from + 0.5 to £ 1.5 um, which, with further development, is
expected to be + 1.0 um for large-array transfer printing, setting a benchmark for the coupler design [3]. The
compactness of vertical coupler is also of great importance, especially for applications like optical switches and
optical processors where massive IlI-V components are densely integrated at chip-level. However, it is non-trivial
to achieve both metrics. Based on different working principles, vertical couplers can be classified as resonant
couplers or adiabatic couplers. Utilizing the periodic interference phenomena between the coupled waveguides,
resonant couplers can be rather short but always sensitive to alignment/fabrication variations [4]. Adiabatic
couplers, in contrast, rely on gradual changes in the device structure to slowly transfer the power into target
waveguide, which relaxes the alignment/fabrication control but requires hundreds of microns in length to ensure
the adiabatic condition [5]. To solve this dilemma, we propose a compact and alignment-tolerant vertical coupler
with multiple tapered segments on the basis of resonant coupling mechanism. The device is 87 um long and has a
< 0.3 dB coupling loss even when + 1.0 um misaligned, which, to our best knowledge, is a new record for
heterogeneous lll-V-on-silicon vertical couplers.

RESULTS

Our design is demonstrated based on an exemple IlI-V-on-silicon heterogeneously integrated system (detailed layer
information can be found in [5]), where the IlI-V component is located on top of a 400 nm silicon rib waveguide
with a lateral misalignment Am, as shown in Fig. 1(a). The mode propagation and interaction in such coupled-
waveguide system can be described by the coupled mode theory, as [6]:

da [A1 —if, —ik]ray

dz ‘12] = [—ilc —iﬁz] [az]' (1)
where a; and a, represents the the mode amplitudes in the uncoupled Ill-V and Si waveguides, while §; and 3, are
their propagation constants, respectively. z denotes the propagation direction. k is the mode coupling coefficient,
defined as:

Kij = %ff(nz — i) Yjdxdy, 2)
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where 1; and 1; are the normalized eigenmodes in each uncoupled waveguide, f is the mode propagation in the
coupled waveguide, k, is the free-space propagation constant, and n, n;, and n; are the refractive index profiles of
the coupled waveguide and two uncoupled waveguides, respectively. It can be derived from Eq.(1) that the optical
mode beats periodically between the two waveguides (assmuing k to be constant) and reaches its first maximum

at z = m/2K\/1 + y?2, where y = (B, — B1)/2k, with a transferred power of 1/(1 + y?2). Hence, to design a
conventional resonant coupler with no coupling loss, its length should be set as half the mode beating period, while
the waveguide widths need to be well chosen to make sure that y is O (i.e., 5, should be equal to ;, known as the
phase matching condition). Nevertheless, misalignments can significantly weaken the coupling strength (i.e., reduce
the value of k) so that the coupler no longer cuts off at the point of maximal power transition. To mitigate such
sensitive dependence on the coupling length, one viable way is to use tapered structures to break the periodical
resonant behavior, as reported in [7]. Thus, in our case, we first propose a vertical coupler based on sharp linear
tapers, and then extend it to a multi-segmented tapered structure to enhance the performance, as shown in Fig.
1(b-c). Detailed analysis of the two designs are presented successively as follow.

X

1
sio, :
1
—l
y Ll 12 Lnrl Ln

Fig. 1. (a) Cross-section schematic of a IlI-V-on-silicon vertically coupled-waveguide system [5]. (b-c) Top view of the proposed
vertical couplers with linearly tapered structure and multi-segmented tapered structure, respectively.
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The geometry of the linearly tapered structure is determined by the widths W;to W, and length L, where the tip
widths W, and W; are set to be 0.5 um and 0.2 um, respectively, considering the fabrication limitations on critical
dimensions. Our optimization strategy is firstly to select the combination of widths W, and W,, and then sweep the
length L to search for the best alignment tolerance. As there are only three parameters, this process can be done
via a brute-force search that the optimal combination of W; and W, is found to be 3.35 pm and 2.95 um,
respectively. Figure 2(a) shows the calculated map of y for different width combinations of the IlI-V and silicon
waveguides when misalignment is 1.0 um, in which the width combination of the optimized linearly tapered
structure is illustrated by the white-dashed line. Figure 2(b) shows the simulated efficiencies versus length L at
different misalignment levels. Under perfect alignment, the coupling efficiency reaches the peak when L is 52 um
and keeps high with increasing taper length, illustrating the suppression of the periodic coupling phenomenon.
While as the misalignment increases, a longer taper length is required, e.g., L needs to be 93 um to achieve a < 0.4
dB loss when 0.6 um misaligned, which indicates that a better alignment tolerance can be realized by properly
lengthening the taper. However, when the misalignment increases further, the coupling efficiency dramatically
deteriorates even with a longer taper length. This can be explained by the simple fact that there is only one point
in the linearly tapered structure that is perfectly phase matched (y = 0) while all other parts are mismatched,
especially at the beginning and the end where the absolute value of y is on the order of ten, as shown in Fig. 2(a).

Thus, to obtain better performance, a tapered structure with varying slopes is proposed that the slopes at its central
region where the phase matching can be reasonably satisfied is designed to be gentler than those phase-
mismatched peripheral regions. In practice, we adopt a multi-segmented tapered structure. The design procedure
also starts with selecting the width combinations for each segment, shown by the red dots in Fig. 2(a) that each two
adjacent dots correspond to one specific segment. Most dots are selected around the phase-matched point,
following the distribution of the optimal result of the linearly tapered coupler (i.e., the white-dashed line), while at
both ends, the dots are adjusted to have smaller values of y to attain a higher efficiency. As for the lengths of each
segment, since it involves a global optimization of multiple parameters, we employ the particle swarm optimization
(PSO) algorithm, targeting for the best alignment tolerance with as high efficiency as possible. Note that here, the
number of segments is set to be 10 to avoid an overlarge searching space for the algorithm. Figure 2(c) shows the
optimized device geometry, which is 87 um long. As intended, the segments around the central part are more
gradual than those on the two sides. Figure 2(d) presents the FDTD simulated results for the multi-segmented

4 - 6 May 2022 - Milano, Italy - 23 European Conference on Integrated Optics

210



T.P.13
Q

coupler with different misalignments. The coupling loss is only 0.09dB when perfectly aligned, remains < 0.3 dB
even with a 1.0 um misalignment, and drops to 3 dB when 1.2 um misaligned.
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Fig. 2. (a) Map of y for different waveguide width combinations when Am is 1.0 um. (b) Coupling efficiency vs. taper length for
the linearly tapered coupler, with a theoretical calculation of conventional resonant coupler plotted for reference. (c) Width
variations of the multi-segmented coupler. (d) Coupling efficiency vs. misalignment for the multi-segmented coupler.

CONCLUSION

In this paper, we present a design of a compact and alighment-tolerant vertical coupler based on the resonant
coupling mechanism for heterogeneously integrated llI-V-on-silicon photonic systems. The coupler structure
contains multiple tapered segments, of which the width combinations are carefully selected based on the coupled
mode theory, while the lengths are optimized using the PSO algorithm. The device length is 87 um, nearly 3 times
shorter than the state-of-the-art alignment-tolerant adiabatic couplers [5]. Simulation results show that our coupler
achieves < 0.3 dB coupling loss even when + 1.0 um misaligned, which makes it particularly applicable for those
commercially available assembly tools with potential alignment deviations, e.g., micro-transfer printing and flip-
chip bonding. The proposed design method can also be applied to different material systems, therefore is expected
to find wide applications in various heterogeneous or monolithic integration platforms.
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We demonstrate narrow linewidth ultrafast tunable photonic integrated lasers based on
heterogeneously integrated thin-film lithium niobate on ultra-low loss silicon nitride
integrated photonic circuits. Using self-injection locking of a hybrid microresonator, we
achieve a tuning speed of > 10 peta-Hertz-per-second over a bandwidth of 0.5 GHz. We show
the utility of this approach by demonstrating coherent FMCW LiDAR ranging.

Keywords: thin-film lithium niobate, Damascene silicon nitride, frequency-agile lasers, FMICW
LiDAR

INTRODUCTION

Rapid progress in the domain of thin-film lithium niobate integrated photonics resulted in demonstration of CMOS-
compatible electro-optic modulators [1, 2], electro-optic frequency combs generation [3] and microwave-optical
qguantum transduction [4]. Photonic circuitry based on lithium niobate can also find its application in the domain of
integrated tuneable lasers [5]. Ultra-low noise lasers have been demonstrated based on self-injection locking of
diode lasers to integrated [6] and whispering gallery mode [7] optical microresonators with ultra-low loss. We have
recently demonstrated that by using an optical microresonator with piezo-electrical actuation and stress optical
tuning, we can endow such a laser with MHz tuning bandwidth and GHz frequency excursion, ideal for coherent
laser based ranging [8].

Although high tuning linearity and efficiency were observed, the frequency bandwidth of laser wavelength
modaulation is inherently limited by the excitation of mechanical modes by the actuator. Thus, additional stringent
phononic engineering is required to reach high modulation frequencies (up to 10 MHz [8]). In contrast electro-
optical actuation does not strongly excite mechanical modes of the chip and supports GHz bandwidths [1].
Therefore, we designed an electro-optically tuneable laser source based on the heterogeneously integrated lithium
niobate on Damascene silicon nitride (LNOD) platform [9], endowing ultra-low-loss circuits [10] with electro-optic
tunability and demonstrate its potential for applications such as frequency modulated continuous-wave (FMCW)
LiDAR.

RESULTS

A conceptual representation of the proposed tunable laser is given in Fig. 1(a). A distributed-feedback (DFB) indium
phosphide laser is self-injection-locked to an external LNOD microring resonator mode, and the output frequency
is changed by applying voltage to electrodes placed along the resonator circumference. The structure of the LNOD
waveguide (see Fig. 1(b)) leads to a hybrid optical mode that partially penetrates the layer of lithium niobate making
possible electro-optic modulation. A high quality factor for the LNOD mode is important for achieving wide locking
bandwidth and pronounced linewidth narrowing [11]. Because of the low-loss Damascene silicon nitride circuits
underneath, median intrinsic coupling rate (Fig. 1(c)) is 100 MHz. That is equivalent to a quality factor of 2 x 10°.
The self-injection-locked state of the laser is characterized by locking bandwidth of 1.1 GHz, 30 dB suppression of
the phase noise spectrum and intrinsic frequency noise of 3 kHz (see Fig. 1(e)).

The frequency tuning potential of the laser can be inferred from Fig. 1(d), where the electro-optic response curve
is measured it by positioning a reference laser on the flank of a selected resonance and applying a voltage to the
electrodes with a vector network analyzer. The small-signal frequency response is flat, showing no degradation of
modulation efficiency with the modulation frequency from 10 kHz to 100 MHz. For frequency-modulated
continuous wave (FMCW) LiDAR [12], linear ramp wavelength tuning plays the central role. Thus, we characterize
this tuning pattern by applying a triangular voltage waveform to the microresonator electrodes (see Fig. 1(f)). Using
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a 10 MHz of modulation frequency, we achieve a laser wavelength tuning rate of 12 PHz/s. The chirp nonlinearity
at 100 kHz is < 1%, and the tuning efficiency is 30 MHz/V.
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Fig. 1. (a) Schematic of the integrated tunable laser source. A DFB laser diode is self-injection locked to a high-Q optical mode of
a LNOD microring resonator via butt-coupling. Rayleigh scattering from inhomogeneities in the microring provide the feedback
tothe DFB. The laser frequency is modulated by applying a voltage from an arbitrary waveform generator to integrated tungsten
electrodes. (b) False-colored scanning electron microscope image of a LNOD waveguide cross-section. (c) Histogram indicating
intrinsic decay rate distribution of 532 resonances of a LNOD microring with a free spectral range (FSR) of 102 GHz. The median
of the distribution is 100 MHz, which corresponds to a quality-factor of 2 X 10°. (d) Frequency-dependent electro-optic
modulation efficiency of the optical microresonator. (e) Laser frequency noise sprectra of the free-running DFB laser (blue line),
of the DFB locked to a LNOD microring with 102-GHz FSR (solid orange line), its simulated thermorefractive noise limit (dash-
dotted line), and [3-line (dashed red line) [15]. (f) (Top row) Time-frequency analysis of triangular laser frequency chirps measured
via the heterodyne beatnote between the tunable laser and a CW reference laser. (Bottom row) Deviation of measured laser
freugency from ideal triangular chirp. (g-h) Point clouds, representing a scene composed of a polystyrene donut-like shape and a
plastic plane behind, obtained in FMICW LiDAR experiments with the tunable laser source.
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As proof-of-principle demonstration, we perform FMCW LiDAR measurements in laboratory environment. For
scene elements, we selected a donut-like polystyrene shape and a plastic instrument box. The collected data, after
processing, is presented as the point clouds in Fig. 1(g, h). The evaluated resolution of these experiments is 15 cm.

DISCUSSION

By increasing the quality factor of fabricated LNOD microresonators and the amount of back-reflection, it should be
possible to increase the locking bandwidth and decrease the linewidth. Thus, a finer resolution in FMCW ranging
experiments would be expected. The reflection could be increased, for instance, by introducing tapers on the
lithium niobate layer to enable adiabatic transition of the mode of Damascene silicon nitride integrated waveguide
into the one of a LNOD integrated waveguide. This would improve the coupling efficiency of light coming back to
the laser. The tuning efficiency could also be improved by optimizing the hybrid LNOD waveguide geometry to
achieve a higher confinement factor in the lithium niobate layer. Beyond FMCW LiDAR, the tunable laser source
demonstrated here could be utilized for optical coherence tomography [13] and trace gas sensing [14].
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A tunable comb source and filter is demonstrated on a monolithically integrated Photonic
Integrated Circuit (PIC). The tunable comb source is created by gain switching a slave Fabry-
Pérot laser that is injection locked to a master slotted Fabry-Pérot laser. The master section
of the PIC produces a single mode spectra with a tunable range of 1557nm — 1573nm. A ring
laser is also integrated with the on-chip device to filter the individual comb lines and is tuned
using current injection.

Keywords: Frequency comb, gain switching, de-multiplexing

INTRODUCTION

Optical frequency comb sources (OFCS) show significant promise in many modern day applications such as
spectroscopy [1], spaced based instruments [2] and high speed telecommunications [3]. OFCS generate equally
spaced spectral carriers with a known phase relation between adjacent carriers. Due to their precise and stable
frequency and relative phases, they can be used in wavelength division multiplexing (WDM) communications to
create coherent optical superchannels, where guardbands between neighbouring WDM signals are no longer
required [4]. One method of generating a frequency comb in a PIC (which is the method described in this paper) is
by injection locking a slave laser to a single mode master laser and gain switching the slave laser by applying a high
power radio frequency (RF) signal.

A comb based coherent superchannel would require the optical source to be integrated with a de-multiplexer,
which would filter out individual lines into separate waveguides with separate modulators before being recombined
and transmitted. Monolithically integrated comb sources with frequency spacing of 4 - 9 GHz have been
demonstrated with InP devices [5]. However, typical methods of de-multiplexing these narrow lines on a PIC have
not been feasible [6], due to the difficulty of de-multiplexing the comb while retaining relative coherence between
the optical carriers.

In this paper we focus on an injection locked ring laser as a tunable filter element that can be used as part as a full
de-multiplexer, which is monolithically integrated with a tunable comb source. The comb source itself is
demonstrated by injection locking a single mode master laser into a gain switched slave laser. Injection locking using
an external master laser has been demonstrated to reduce phase noise and linewidth in gain switched lasers [7].
These two lasers are monolithically integrated in a strongly coupled master/slave configuration [5], whereby the
slave laser is optically phase locked to the master laser. The single mode characteristics of the slave laser have been
known to improve by on-chip optical phase locking, particularly with increasing the side mode suppression ratio
(SMSR) of the slave [8]. The master laser is more heavily biased than the slave and so the two lasers are operating
in an asymmetric bias regime. So while no isolator exists between the two lasers, the asymmetry of the operation
has been shown to allow for injection locking [9]. The slave laser is then gain switched using a high power RF signal
generator to generate the optical combs. The generated comb is injected into a monolithically integrated ring laser
which acts as an integrated laser filter (ILF). Using current injection, this ILF filters out a single comb line. The output
of the device is analysed by an ANDO AQ6317B optical spectrum analyser (OSA), which has a resolution of 0.02 nm,
and so the comb lines and their spacings can be observed.

DEVICE DESIGN

The device was fabricated with commercially available material designed for the emission at 1550 nm, purchased
from IQE. This lasing material consists of 5 compressively strained 6 nm wide AlGalnAs quantum wells on an n-
doped InP substrate. The upper p-doped cladding consists of a 0.2 um InGaAs cap layer, which is followed by 0.05
pum of InGaAsP, lattice matched to 1.62 um of InP. The ridge and slot features are defined using standard
lithographic techniques, with a ridge width of 2.5 um and a height of 1.7 um, and a slot width of 1 um, with the
ridge etch stopping above the quantum wells. The slots were used as both optical reflection as well as electrical
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isolation between different sections of the PIC. A ground-signal-ground (GSG) contact was added to the slave
section to allow for the gain switching of the device.

The master section of the device is made up of the gain section, 600 um in length, and mirror section. The mirror
section is made up of 8 slots etched into the ridge with an interslot separation of 108 um. These slots act as reflective
defects along the ridge by creating regions of lower effective refractive index, effectively creating a master section
that is both single mode and tunable [5], [10]. This master laser is integrated with a 2x2 multimode interferometer
(MMI) which splits light equally into both slave lasers. At this point, either slave laser could be used to generate the
comb. The upper slave is injection locked to the master and is gain switched, generating a comb while the lower
slave is unused. This comb is reflected back into the 2x2 MMI and is split equally into the master laser and into the
lower waveguide coupling with the ring laser. The ring laser is used to filter a single line from the comb by injecting
the comb into the ring [11]. The individual comb lines are filtered using current injection and are detected through
Port D. The addition of multiple ring laser filters would facilitate the full de-multiplexing of the comb.

Deep Etch
Metal
Rid
I Ridge Port B
«——— GainSection _____, «——  MirrorSection —
- 2X2 MMI "
l +— Upper Slave ——»
Port A
————
Port C
<+— Lower Slave ——»
+———— Output Waveguide —.'
Port D
+—— . Output Waveguide Ring Laser Output Waveguide ———————————————»

Fig. 1. Schematic of the PIC design.
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Fig. 2. (left) SMSR and (right) lasing wavelength of the Master Laser.

The master laser was initially characterised by biasing the gain and mirror sections of the device independently,
sweeping the current through both sections and measuring the spectra through Port A at each interval. The SMSR
and lasing wavelength were recorded and plotted as shown in Fig. 2.
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Fig. 3. (left) Generated comb detected through Port A, B and C and (right) the individual comb lines detected through Port D.
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When the single mode nature of the master laser was determined, the MMI section was biased at 180 mA, the
upper slave laser was biased just above threshold current and the spectra of slave laser was optically phase locked
to that of the master. A strong RF signal was applied to the slave section to allow for gain switching to occur and a
comb to be generated. Due to the design of the PIC, the generated comb was detected through Port A, B and C as
shown in Fig. 3 (left).

Once this was achieved, the ring was biased and the resulting spectra was detected through Port D. By varying the
current through the ring laser, different peaks were attained, and plotting these against the comb detected through
Port C (Fig. 3.) it is clear that these peaks are a result of the different comb lines being filtered by the ring laser. The
colour plot in Fig. 4 illustrates the growth and suppression of the individual comb lines as the current across the
ring laser is varied.
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Fig. 4. Colour plot depicting the power of the spectra detected through Port D as the current through the ring laser changes.
CONCLUSION

This PIC demonstrates how a coherent optical comb can be created and de-multiplexed. An optical frequency comb
was obtained from the PIC by gain switching a slave laser that has been injection locked with a single mode master
laser. Due to the reflective defects caused by the slots used in the mirror of the master, the master laser was shown
to have a tunable wavelength. The integrated ring laser allowed for the injection locking of the individual comb lines
and therefore the selective or tunable filtering of the comb.
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Mode-division multiplexing has a great potential to increase the bandwidth and data rates of
emerging communication systems. Here, we propose a novel silicon photonic mode
multiplexer exploiting on-chip free-space-like propagating optical beams to achieve TEo and
TE1 mode demultiplexing with a 1 dB bandwidth of 100 nm and crosstalk lower than -42 dB in
a 200 nm bandwidth for both fundamental and first-order modes.

Keywords: silicon photonics, silicon-on-insulator, mode-division multiplexing, leaky mode, slab
waveguide

INTRODUCTION

Silicon photonic devices are becoming a cornerstone of modern communication systems. The possibility to integrate
multiple components on a single chip allows a significant reduction in the size, energy consumption and cost of
optical modules and interconnects [1]. Among the different material platforms, silicon-on-insulator provides a high
refractive index contrast and compatibility with complementary metal-oxide-semiconductor (CMQOS) processes,
resulting in cost-effective mass production [2]. Optical interconnects based on SOI have attracted much attention
as a solution to address the ever-increasing demand for broader bandwidth and higher data rates of new services.
Different advanced multiplexing technologies have been employed to scale the transmission capacity, such as
wavelength-, polarization- and time-division multiplexing [3-5]. Recently, mode-division multiplexing (MDM) has
been proposed to further increase aggregate bandwidth and data rates by transmitting information encoded in
different spatial modes at the same wavelength and polarization [6].

The mode multiplexer/demultiplexer (MUX/DEMUX) is the fundamental device at the core of any MDM system. Its
main function is to convert fundamental modes into higher-order modes and combine them into a single multimode
waveguide (MUX operation), or vice versa (DEMUX operation). Several SOl device configurations have been
reported for MDM, including asymmetric Y-junctions [7], tapered or adiabatic couplers [8], asymmetric directional
couplers [9], ring resonators [10], multimode interference (MMI) couplers [11] and topology-optimized devices [12].
However, in all these photonic devices light is guided within a spatially bounded structure, restricting both the
region and the field distribution with which light propagates (i.e., propagation of light wave is limited to a set of
modes confined to a waveguide). Radiation of electromagnetic fields within a chip offers interesting opportunities
to overcome the stringent design rules and limited on-chip reconfigurability of fixed layout-guided interconnects,
opening new venues for on-chip wireless optical communications [13,14]. Contrary to diffractive gratings, of which
a considerable number have been demonstrated for out-of-plane light coupling [15], only a few works have
addressed radiation from a channel waveguide into an adjacent slab [14,16]. Still, these devices are intended for
wavelength-division multiplexing as they rely on frequency-scanning focus of the beam within the slab.

In this work, we expand on this concept and propose a silicon photonic mode demultiplexer based on in-slab beam
forming. Optical tunneling effect is exploited in order to couple the fundamental and firs-order transverse-electric
(TE) modes from a waveguide to and adjacent slab. The slab acts as a free-space-like propagation region where the
different beams are vertically confined and focused on a specific position. Our simulation results show coupling
efficiencies of 97%, and 83%, as well as 1 dB bandwidths of 124 nm and 107 nm, for TEo and TE:1 mode
demultiplexing, respectively.

RESULTS

Figure 1 illustrates the geometry and operation principle of the proposed device, which comprises a tapered
waveguide that is placed in close proximity to a slab. The light propagates through the input multimode waveguide
(width W;) in the form of fundamental and first-order TE modes. As the light propagates along the taper (length
Lr), it progressively couples to the adjacent slab via optical tunneling effect [14]. The angle at which the vertically
confined beam propagates within the slab, defined with respect to the y axis, is given by:
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where nfgff_w is the effective index of the i-th order mode in the waveguide and n. s is the effective index of the
slab. The separation between waveguide and slab allows to tailor the leakage rate and thus the field profile of the
in-slab beam. The DEMUX is designed for SOI with 220-nm-thick silicon, a 3-um-thick buried oxide (BOX) layer and
a 2-um-thick polymethyl methacrylate (PMMA) upper cladding. The input waveguide has a width of W, = 710 nm
to support both fundamental and first-order TE modes within the design wavelength range, i.e., 1450 — 1650 nm.
The separation between input waveguide and slab varies from G; = 340 nm to Gy = 40 nm to achieve a near-
Gaussian field profile. Finally, the width of the input waveguide is reduced from W, = 710 nm to W; = 250 nm along
the 20 um long taper to ensure that all the optical power is radiated from the input waveguide into the slab.

@ | (b)

Slab

W o —
Input waveguide Ly ' L 0 TE, 10 20 30 40
z X (um)
wx

Fig. 1. (a) Schematic representation of the free-space mode multiplexer and its geometrical design parameters. (b) lllustration
of the operation principle working as demultiplexer: electric field magnitude (normalized to the maximum) in the XY plane in
the middle of the Si layer at 1550 nm. The fundamental and first-order transverse-electric modes that propagate through the
input waveguide are coupled into the slab producing two in-slab beams that are focused on different points (i.e., FPo and FP1).

The mode DEMUX was simulated with a three-dimensional finite-difference time-domain (3D FDTD) solver. Figure
1b shows an illustration of the electric field magnitude in the middle of the silicon layer at the center wavelength
(i.e., 4o = 1550 nm). It is observed that the TE1 mode is radiated along the first half of the taper, while the TEo mode
is radiated towards the end. In this case, the lower modal confinement of TE1 compared to TEo results in a greater
evanescent interaction with the slab and, therefore, in a stronger radiation strength at the beginning of the taper.
When TEo is injected through the input waveguide, the in-slab beam focus on point FPo with an angle of 48°.
Conversely, when TE1 is injected, the beam focus on FP1 with an angle of 36°.

The figure of merit used to evaluate the performance of the device is the coupling efficiency (CE), which is defined
similarly to the coupling efficiency employed in fiber-chip grating couplers: CE = (1 — pg) - ny - Mo, Where pg is the
reflection coefficient, ny is the ratio between the power injected in the input waveguide and the power radiated
into the slab, and n,,, is the overlap integral between the radiated field and a Gaussian-like mode field. For TEoc mode
demultiplexing, a high overlap of 98.7% is achieved between the radiated field and a Gaussian field with ¢ = 4.7 um

at FPo. On the other hand, for TE1 mode demultiplexing, the overlap is 92.7% between the radiated field and a
Gaussian field with ¢ = 5.9 um at FP1.
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Fig. 2. Calculated coupling efficiency as a function of the wavelength for the mode demultiplexer when (a) TEo and (b) TE1
modes are injected through the input waveguide. Blue curves correspond to the coupling efficiency at desired positions, while
orange curves correspond to the coupling efficiency at undesired positions.
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The performance of our proposed device is shown in Fig. 2. Blue curves indicate the CE at desired positions, i.e.,
calculated at FPo and FP1 for TEo and TEx mode demultiplexing, respectively. In this case, the mode DEMUX vyields
efficiencies of 97.1% (-0.13 dB) and 82.8% (-0.82 dB) at 1550 nm when TEo and TE1 modes are injected through the
input waveguide, respectively. Notably, the device exhibits broad 1 dB bandwidths of 124 nm for TEo and 107 nm
for TE1. Orange curves, on the contrary, indicate the CE at undesired positions. The CE at FP1 is as low as -66 dB
when the TEo mode is injected through the input waveguide and below -47 dB at FPo when the TE: mode is injected,
both within the entire simulated wavelength range. The crosstalk is, therefore, below -42 dB for both modes in the
entire 200 nm simulated bandwidth.

DISCUSSION

In this work, we propose a novel two-mode multiplexer that leverages optical tunneling between a tapered
waveguide and an adjacent slab. The device was designed for the silicon-on-insulator platform considering a
standard silicon thickness of 220 nm and a PMMA cladding. First-order and fundamental TE modes injected through
the input waveguide are radiated sequentially from the taper into the slab due to their different evanescent field
interaction. Full 3D FDTD simulations show efficiencies of 97.1%, and 82.8% for TEo and TE: mode demultiplexing,
respectively, at 1550 nm. In addition, a remarkable 1 dB bandwidth of 124 nm is achieved for TEo, while the 1 dB
bandwidth for TE1 is 107 nm. The proposed device also exhibits a high isolation between the beams in the slab, with
values lower than -47 dB for both modes within the 1450 — 1650 nm wavelength range. We believe that these
results open promising prospects for emerging applications such as on-chip wireless optical communications.
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Herein, we present the performance analysis of a ferroelectric plasmonic Mach-Zehnder in a
Ring (MZIR) modulator on SisNs for gold (Au), silver (Ag) and copper (Cu) based phase shifters
targeting O-band interconnects. The Cu based MZIR featuring a 5um long slot, exhibits
Insertion Losses of 6.85dB, an Extinction Ratio of 9dB for a differential applied voltage of
2.74Vpp and a Comparison Factor of 0.7x vs. a symmetric MZI with equal phase shifter length.
Keywords: MZI-Ring Modulator, Silicon Nitride, Plasmonic Slot, Coupling Interface

INTRODUCTION

Silicon nitride (SisNa), with its low propagation losses, low cost, and high compactness, has emerged as a very
promising platform for photonic integrated circuits (PICs) over the last few years. One of the key components
missing from the SisN4library though is a CMOS compatible modulator, eliminating in this way the main advantage
currently possessed by SOI based PICs. Towards this direction many studies have focused on the co-integration of
SisNs4 with ferroelectric materials and as such in [1] a hybrid lithium niobate (LiNbOs) allowed operation with sub-
volt half-wave voltage (Vx), a half-wave voltage-length product (VxL) of 2.11 V*cm, and 5.4dB insertion losses (IL).
In [2] a SisN4 loaded LiNbO3 modulator exhibited a VxL of 2.24 V*cm, and an extinction ratio (ER) up to 20dB. The
evolution of PICs in terms of compactness has brought on surface the development of hybrid photonic-plasmonic
PICs and in this direction miniaturized CMOS compatible modulators have been demonstrated [3], featuring though
Si as the basic underlying material platform [4]. In this paper we numerically demonstrate a ferroelectric Mach-
Zehnder in Ring (MZIR) modulator for the O-band in SisN4 that requires as low as 0.44x voltage for maximum
extinction ratio versus symmetric MZIs [5]. The performance analysis investigates two low loss noble metals well
known in the plasmonics literature, Au [6], Ag [7] and CMOS compatible Cu [8] for the formation of the plasmonic
waveguide. Simulation results reveal that Ag presents the best performance, followed by Au and then by Cu. The
Cu based MZIR modulator exchanges performance for CMOS compatibility and for a 5um phase shifter features
insertion losses of 6.85dB with an extinction ratio of 9dB for 2.74Vpp applied voltage to the arms of the MZI.

NUMERICAL RESULTS

The proposed plasmonic slot ferroelectric MZIR configuration is shown in a 3D-schematic in Fig. 1(a). The basis of
the integrated optical device is SisNs waveguide, supporting a fundamental TE-mode with an effective index close
to Re(nef) = 1.773 and 0.2dB/cm propagation losses. The two 2x2 O-Band MMils that form the MZI of the MZIR are
assumed to induce 0.2dB/MMI according to 3D-FDTD simulations at A = 1310nm. The MZIR cavity is formed by
directly connecting one of the output MMI ports to the one input port of the input MMI. The loop length includes
approximately 300um from the two MMls, 186um from the two SisN4 to plasmonic coupling interfaces and the
variable length Lsiot of the plasmonic phase shifter. Fig. 1(b) presents in detail the cross section of the phase shifter
that is based on a plasmonic slot formed by two metals with the gap filled by barium titanate (BaTiO3 or BTO)
material. The metal for the plasmonic waveguide in this work is either Au, or Ag targeting low loss with a noble
material or Cu for CMOS compatibility. To bridge the two platforms, an amorphous silicon intermediate waveguide
vertically transfers light in a multi-layer fashion where, initially, an adiabatic coupler with a coupling length of 90um
transfers the TE-mode from the SizNs waveguide to a 350nm x 220nm aSi waveguide featuring a TE mode of Re(ner)
= 2.45034. In the next step, a directional coupling step transfers the light from aSi to the plasmonic slot. The SiO>
gaps between SiN and aSi and between aSi and BTO are 100nm.

The performance analysis of the three MZIRs layouts starts from the extraction of the propagation characteristics
in the plasmonic slot waveguides for the three metals via 2D eigenvalue calculations. Fig. 2(a) shows that the
effective index Re(nesf) is similar for Cu, Au, and Ag for increasing slot widths wsiot with only small differences
observed between the three. The plasmonic slots are almost phase-matched with the aSi waveguide mode for wsiot
= 90nm for Ag and for 100nm for Au/Cu, allowing in this way efficient directional vertical coupling between the
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Fig. 1. 3D-schematic of the proposed ferroelectric plasmonic slot MZI-Ring configuration

two waveguides. Fig. 2(b) reveals the propagation losses of the three slot waveguides for widths between 25nm
and 200nm. The Ag-based slot in symphony with theory and other experimental works [7] exhibits the lowest
propagation losses of the three with 0.33dB/um for wsiot= 90nm, while for Au with wsiet = 100nm this value is slightly
increased to 0.5dB/um. For Cu on the other hand the losses are now more than doubled versus Ag to 0.78dB/um,
but now there is CMOS compatibility for low-cost mass scale fabrication. Fig. 2(c) illustrates that the power
confinement is almost exclusively determined by the slot width with values ranging between 80% and 45%, while
the metal type has almost negligible effect on the confinement factor of the electric field. For the calculation of the
electro-optic characteristics of the plasmonic slot phase-shifters, Poisson’s equation was solved in a 2D-FEM
eigenvalue solver for applied voltage between OV and 5V for slot widths of 90nm for Ag and 100nm for Au/Cu. The
E-field components of the FEM solution were interpolated and fed to 2D-FDE optical eigenvalue simulations at
1310nm wavelength to extract the modified effective index for each voltage. Fig. 2(d) shows that the trend is almost
linear as expected for all three metals. The Ag-based slot has the largest effective index difference vs. applied
voltage due to a higher overlap between the RF and optical fields. From the relation A = (2rt/Ao)ARe(nesr)L, the half-
wave voltage product was calculated to 25.51V*um for Ag, 28.06V*um for Au, and 27.33V*um for Cu. The effective
electro-optic coefficient for the BTO is assumed to be 300pm/V.

In terms of coupling interfaces, the numerical simulations indicate that the adiabatic coupler transfers the light from
the SisN4 to the aSi efficiently with only 0.06dB losses. Fig. 2(e) showing the sideview of the electric field | E| verifies
this result with the very smooth transition between the two layers. For the next step a directional coupler has been
designed for each metal, with the coupling length calculated by detailed 3D-FDTD simulations. For Ag the optimum
value is 2.78um, for Au 2.71um and for Cu 2.67um, with the close proximity expected from the almost identical
Re(nerf) values of Fig. 2(a). Fig. 2(f) shows the sideview of the electric field |E| from aSi to the Cu-based slot,
indicating efficient and seamless light transfer to the slot. Similar graphs are produced for the other two metals.
The coupler exhibits coupling losses calculated at x = 3um from the initiation point of the slot waveguide in the x-
axis (x=0) as 0.71dB for Ag, 0.86dB for Au and 1.23dB for Cu.

All the above simulation parameters were inserted in our in-house scattering-matrix based model for the DC-
analysis of the MZIR modulator. A length difference AL = Lrsr/2 = Ao/(2Ref{ne(SiN)}) has been inserted between the
two arms of the MZIR, so as to set the initial state of the MZIR at minimum insertion losses. The calculated relation
providing the transmission spectrum at the output of the MZIR is the following:
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Fig. 2. (a) Effective index Re(neg), (b)Propagation Losses (dB/um), and (c) Confinement factor (%) for increasing plasmonic
slot width, (d)Effective index difference ARe(nes) for increasing applied voltage V, (e) Sideview of |E| field distribution for
the transition from SiN to aSi, (f) Sideview of | E| field distribution for the transition from aSi to Cu-based plasmonic slot
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Fig. 3. (a) MZIR Insertion losses IL (dB), (b) Comparison factor CF = Vt/V, and (c) Critical coupling voltage Vit (V) for
increasing plasmonic slot phase shifter length Lgo: (um), (d) Power transfer functions of the MZIR for Cu-based slot, (e) Au-
based slot and (f) Ag-based slot with 5um length for various applied voltages at the two arms

where ALop is the coefficient related with the efficiency coming from the transition through one MZI branch, Aror is
the coefficient containing the coupling efficiency coming from the transition through the whole cavity, Bo is the
wavenumber Bo = 21t/Ao, Lort is the total optical path length of the whole MZIR cavity, and A is the phase difference
between the two MZI branches of the MZIR. The IL come directly out of the MZIR transfer function. The Comparison
factor CF = Verit/Vr can be calculated at resonance as CF = 2cos™(Aror)/m, signifying the fraction of voltage needed
for the maximization of the ER in an MZIR vs a symmetric MZI. The voltage for critical coupling in the MZIR modulator
is Verit = Vrcos}(Aror)/m. The results for the three plasmonic metals can be seen in Fig. 3(a)-(c). Fig. 3(a) indicates
that the best in terms of performance is Ag providing IL values below 5dB for slot lengths between 1um and 10um.
For Au the IL lie between 2.7dB and 7.3dB, while Cu provides IL between 3.7dB and 11dB. Fig. 3(b) shows the
performance improvement of the MZIR over a symmetric MZI. The Ag based MZIR requires 0.44x the voltage Vxr
needed to achieve maximum ER in the MZI for a 1um long slot, while this value is 0.63x for slot lengths up to 10um.
For Au these values are between 0.48x and 0.72x, while for Cu are between 0.55x and 0.81x. Finally, as seen in Fig.
3(c) Verit becomes sub-volt for Ag for slot lengths higher than 7um, for Au higher than 9.5um and close to 1.1V for a
10um Cu based plasmonic phase shifter. Fig. 3(d)-(f) illustrate the transmission spectra for various voltages applied
for Cu, Au, and Ag plasmonic slots with 5um phase shifter length, respectively. For the Cu-based MZIR shown in Fig.
3(d) the IL are close to 6.85dB, with an ER of 9dB for an applied voltage of 2x1.37Vpp and a CF of 0.7. The Au-based
MZIR exhibits IL of 4.74dB, a 13.04dB ER for a 2x1.4Vpp differential voltage and a CF of 0.61. Finally, the Ag-based
MZIR has the best performance with 3.56dB IL only, an ER of 21.4dB for 2x1.28Vpp differential voltage and a 0.54x
required voltage for maximum ER in comparison with the symmetric MZI.

CONCLUSIONS

This paper presents the performance improvement of a plasmonic slot ferroelectric MZIR modulator design on the
SisN4 photonic vs. a symmetric plasmonic MZI, for Au, Ag and Cu as metals for the plasmonic phase shifter. The
optimum CMOS compatible device is based on Cu, achieving IL of 6.85dB, ER as high as 9dB for 2.34V,, differential
applied voltage and a 0.7x required voltage for critical coupling compared with the Vr of a symmetrical MZI.
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This paper presents the first results in the development of a monolithically integrated photonic-
based millimetre-wave radiometer for satellite payload weather monitoring sensor. Key
photonic components to be integrated in a thin-film Lithium Niobate (LN) platform have been
designed and fabricated. In this paper we present our results for an asymmetric Mach-Zehnder
Interferometer (AMZI) for required optical wavelength filtering functionality. The AMZI Free
Spectral Range (FSR), defined by a path length imbalance of 250 um, is around 5 nm (625 GHz).
Keywords: Lithium Niobate, Asymmetric Mach-Zehnder Interferometer, Wavelength Filter

INTRODUCTION

Recent interest in the study of the Cosmic Microwave Background (CMB) and earth observation for weather
monitoring has motivated the development of space missions capable of detecting signals at millimetre and sub-
millimetre wavelengths [1][2]. However, the weak intensity of those signals (comparable to the thermal radiation
generated by the receiver itself) makes it necessary to use very low-noise receivers. Conventional low-noise receivers
require cryocooling, which increases the size, power consumption and cost of the receiver.

A novel photonic-based millimetre and sub-millimetre receiver architecture, capable of operating at room
temperature, was recently presented [3][4]. In this photonic-based radiometer, the millimetre wave signal is
upconverted into the optical domain modulating an optical wavelength in a low-loss nonlinear crystal [5][6] where
detectors are less susceptible to thermal noise at room temperature.

Our goal is to develop such architecture into a Photonic Integrated Circuits (PIC), achieving size and weight reduction
critical for the intended satellite payload application. In this paper, we present the design and characterization of a
key component for this application, an integrated wavelength filter based on an asymmetric Mach-Zehnder
interferometer (AMZI). Due to the need of nonlinear characteristics of the chip, this has been fabricated on a thin-
film Lithium Niobate (LN) substrate, which unlocks high-Q resonators.

Thin-film LN-on-insulator has proven to be an integration technology that offers large Pockels electro-optic efficiency
[7], low propagation loss and high Q-factor ring resonators [8]. The devices studied here are realized by direct etching
by 325 nm into the 600 nm LN layer and cladding with 1.4 um of silicon dioxide as describe in [7] and are characterized
by a large index contrast and strong mode confinement. Losses of 2.7 + 0.3 dB/m for straight waveguides and 9.3 +
0.9 dB/m were demonstrated in [8].

RESULTS and DISCUSSION

We report the characterization of 4 different AMZIs designs, all with the same optical path length imbalance between
the arms (250 um), but different waveguide gap in the directional couplers (DC) of the AMZIs. The goal of this work
is to determine the directional coupler parameters, and determine the fabrication specifications to achieve 50/50
splitting ratio. The different values for the DC gap that have been tested are 0.65 um (AMZI 1), 0.55 um (AMZI 2),
0.45 um (AMZI 3) and 0.35 um (AMZI 4). The structures under test are presented in Fig. 1(a), which has been
characterized using the Component Analyzer feature of the High-Resolution Optical Spectrum Analyzer from Aragdn
Photonics. The light is injected and collected through edge coupled optical waveguides, using lensed fibers as shown
Fig. 1(b).

The device characterization was performed injecting the Component Analyzer source into the top arm of the AMZI
and collecting the light from the top (BAR port) and bottom (CROSS port) arms of the output directional coupler.
Then, the input fiber is moved to the bottom arm of the input directional coupler and the light is again collected from
the two corresponding output waveguides of the AMZI under test. The results from these measurements are shown
in Fig. 2.
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Fig. 1. Microscope image of (a) the 4 AMZIs structures (b) AMZI #4 during fiber-to-chip coupling.

Each graph in Fig. 2 contains the results for the four different AMZI (each with different spacing at the directional
couplers). The wavelength axis has been normalized, representing the wavelength offset to the value where the
absolute minimum in the optical response is achieved. The insertion loss measured at each facet, working with a
lensed fiber of 2 um spot diameter and 1.8 um wide waveguides, was found to be around 5.5 dB.
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