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THANK YOU TO OUR PARTNERS !

Centre d'optique,
photonique et laser

COPL o   p   t   i   c   s

JGR
Ask about JGR’s new TLS5 Tunable Laser Source

613 599 1000   I   www.jgroptics.com

• Ultra wide 1260 to 1630nm continuous wavelength range • Resolution of 0.1nm
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Centre for Advances Systems and Technologies in Communications

photonscanada.ca

Agilent’s Electronic Measurement Group,
including its 9,500 employees and 12,000
products, is becoming Keysight Technologies.

Learn more at www.keysight.com 
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NSERC presents funding programs to 
support university technology transfer.
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Presentation of Quebec 
Technology Development and 
Commercialization Agencies

How the Quebec model for technology transfer is 
helping SMEs access university technology.

Orphan technologies seeking adoption

T h r e e  t e c h n o l o g y  d e v e l o p m e n t  a n d 
commercialization agencies come together to offer 
high-tech entrepreneurs six orphan technologies of 
interest.

This will be followed by entrepreneurs relating their 
technology transfer experience with a Quebec 
technology development and commercialization 
agency. 

May 29, 2014

MorningMorning

Always striving to improve the already popular Photonics 
North conference, the Organizing Committee of this year's 
edition is offering a special program tailored to SMEs of the 
manufacturing sector that integrate optic-photonic 
components. 

At the Quebec Photonic Network, we firmly believe that new 
ideas emerge from linking various stakeholders in the optics-
photonics area. These ideas generate partnerships that in 
turn produce technology with potential economic benefits. 
This is the principal motivation behind the “Let's Talk 
Business” program. 

I have enthusiastically accepted to coordinate this first 
edition of the “Let's Talk Business” program presented at 
Photonics North. We have designed it so that it appeals 
equally to scientists, students and entrepreneurs. We hope to 
have risen to the challenge. Now, you be the judge!

Mireille Jean
President and CEO
Quebec Photonic Network

The morning will be devoted 
to the topic of technology 
transfer from university 
laboratories to SMEs. We 
have  chosen  a  fac tua l 
approach by inviting the 
three Quebec technology 
development and commer-
cialization agencies to each 
present two of their best 
transfer-ready technologies. 
Interested participants will 
get to launch on-the-spot 
negotiations for a possible 
tech transfer.  For more 
sceptic participants, we have 
invited entrepreneurs to 
share their experience with 
technology development and 

commercialization agencies. 
Some doubts  cou ld  be 
dispelled! The morning will 
conclude with a presentation 
of funding programs for 
t e c h n o l o g y  t r a n s f e r . 
Representatives from NSERC 
will be on hand to facilitate 
potential negotiations. 

Ultimately, we hope to set the 
table for talented entre-
preneurs wishing to get their 
hands on technology they 
can develop and commer-
cialize in order to generate 
economic benef i ts  and 
prosperity. 

Welcome to the first edition of 
Photonics North's “Let's Talk 
Business” program
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LET'S TALK BUSINESS
Optics-Photonics Around the World: 
Challenges, Opportunities, Trends

Route des lasers14:10

Company presentation
Acquitaine - France

Arizona Optics Industry Association14:40

Company presentation

Arizona - USA

Pôle Rhone Alpes

15:10

Company presentation
Lyon - France

Quebec Photonic Network13:40

Company presentation

Québec - Canada

Presentation of research 
centres 

Two research centres, one from France, one from 
Quebec, present their approach to technology 
transfer

15:40

The afternoon is devoted 
to optics-photonics around 
the world (challenges, 
opportunities, trends...). 
The goal is to paint a 
picture of the international 
o p t i c s - p h o t o n i c s 
landscape in 2014. 

To this end, we have 
invited representatives 
from the United States, 
France and the United 
Kingdom to join us and 
provide insight. Each will 
present their background, 
the current state of affairs 
for photonics in their 
c o u n t r y ,  u p c o m i n g 
challenges over the next 

few years and the outlook 
for optics-photonics as a 
strategic sector. 

Representatives will talk 
about their company, their 
technologies, their goals 
for the future and the 
hurdles they are facing.

The resulting information 
w i l l  h o p e f u l l y  g u i d e 
e n t r e p r e n e u r s  a n d 
r e s e a rc h e r s  a s  t h ey 
ponder the path to follow 
and the  pr io r i t ies  to 
identify in their future 
strategic planning. 

Thank you to the partners of the 
“Let's Talk Business” program

Organizing committee

Exhibit Hall

May 29, 2014May 29, 2014

AfternoonAfternoon

Exhibit Hall

Free admission

16:10

Break
and visit of exhibitors
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Palais des congrès of Montreal
201 Viger St W, Montréal, Québec H2Z 1X7, Canada

GENERAL INFORMATION

Palais des congrès of Montreal
201 Viger St W, 
Montréal, Québec 
H2Z 1X7, Canada

Less than half an hour from the Montreal-Trudeau 
airport, the Convention Centre is ready to welcome 
large-scale events thanks to its immense and flexible 
venues, state-of-the-art technology and devoted 
staff.

Parking

There are several parking areas at or near the Palais 
des congrès, including:

• Indoor parking lot (400 spots) on Viger Ave, via 
Chenneville Street 

• Indoor parking lot (1 200 spots) accessible via 
St. Antoine Street.

Registration and Information Hours

The registration desk will be opened according to 
the following schedule:

Wednesday, May 28  7:00 am to 6:00 pm
Thursday, May 29  7:00 am to 6:00 pm
Friday, May 30  7:00 am to 3:30 pm

Exhibition Dates and Hours

Palais des congrès de Montréal, Room 520

Thursday, May 29  10:00 am to 8:00 pm
Friday, May 30  10:00 am to 2:00 pm

Posters

Poster Session Reception

Thursday, May 29 6:30 pm to 8:30 pm
Exhibition Hall 520

The poster area opens on May 29 at 10:00 am. Your 
poster must be displayed from 12:00 pm on May 
29 up to 2:00 pm on May 30. If your poster is not 
removed at the end of the exhibition it won’t be 
returned to you. 

The poster presenters have to be near their poster 
boards during the poster session to answer questions 
from attendees.

Coffee Breaks

Coffee will be served during the morning and 
afternoon coffee breaks.

Wednesday, May 28           10:10 am and 2:50 pm
Thursday, May 29           10:00 am and 3:10 pm
Friday, May 30           10:15 am

Cocktail & Event

Welcome Reception in the Hall 521
Wednesday, May 28 6:30 pm

Poster Cocktail QPN in Exhibition Hall 520
Thursday, May 29 6:30 pm
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Hotel Information

Holiday Inn Select Montreal
99 Avenue Viger Ouest
Montréal, QC, H2Z 1E9

Hyatt Regency Montreal
1255 Rue Jeanne-Mance
Montréal, QC H5B 1E5

Le Saint-Sulpice Hôtel-Montréal
414, Rue Saint-Sulpice
Montréal, QC H2Y 2V5

Westin Montréal
270, rue Saint-Antoine Ouest
Montréal, QC H2Y 0A3

Embassy suite by Hilton Montréal
208, rue Saint-Antoine Ouest
Montréal, QC H2Y 0A6

Hôtel St-Paul
355, rue McGill
Montréal, QC H2Y 2E8

Loews Hôtel Vogue
1425, rue de la Montagne
Montréal, QC H3G 1Z3

General Information about Montreal

Meeting in Montreal

An irresistible blend of European charm and North 
American effervescence, Montréal’s architecture 
enchants the visitor with its harmonious contrast of 
old and new.

With some 3.7 million inhabitants and 80 distinct 
ethnic cultures, Montréal is a resolutely international 
city. A world leader in a wide range of industries, 
including aeronautics, information technology 
and biotechnologies, the city is also renowned for 
innovation in medicine, multimedia and the arts.

Getting around the city on a day-to-day basis is 
hassle-free. Its streets, underground pedestrian 
network and subway system are safe and easy to 
navigate. The best way to get to know the city is 
on foot, through any one of its many colourful and 
vibrant neighbourhoods—diverse expressions of the 
inhabitants’ joie de vivre. Montrealers are naturally 
charming and quite often multilingual, always ready 
to strike up a conversation and share a moment of 
friendship.

This spontaneous hospitality has made Montréal the 
site of many exciting international festivals, which 
— much like the city and its inhabitants — are a 
manifestation of pure passion!

www.tourisme-montreal.org

A word from the Conference Co-Chairs:

Photonics technologies have become pervasive and contribute to many 
different sectors including communications, sensing, displays, and 
lighting. It is in this context that Montreal welcomes the Canadian and 
International Photonic communities to its annual premier event: Photonics 
North 2014. Researchers will share their latest results and innovations. The 
programming includes a collection of plenary, invited, and contributed 
talks as well as a commercial exhibit will allow several Canadian and 
foreign suppliers of photonic technology and instrumentation to showcase 
their products. 

On behalf of the entire Program Committee, we welcome you to Photonics 
North.

David Plant
Co-Chair: Photonic North 2014

2014

On behalf of the organizing committee for Photonics North 2014 I would 
like to welcome you to the “Palais des Congrès” in Montreal for the 17e 
annual Photonics North Conference. We have an exciting conference 
covering topics ranging from the fundamental interaction of photons with 
matter to practical sensors for a variety of useful applications. Sessions 
this year include: 

Optical communications 
Optoelectronics and integrated optics 
Photonic materials 
Nonlinear optics, nanophotonics and quantum optics 
Photonic sensors and biomedical optics 
Photonic commercialization 
Photonic theory design and simulations 
Plasmonic, hybrid plasmonics, and artificial media 
High Power Laser technology, ultrafast optics and applications 

We are fortunate to have a large group of experts (including your colleagues 
and friends) coming together in a venue that is conducive to fostering 
new ideas and integrating innovative concepts across disciplines. The 
conference is committed to a high standard of excellence and we promise 
that you will agree that the bar has been raised again this year. 

Enjoy Photonics North 2014!! 

Steve MacLean
Co-Chair: Photonic North 2014

Organizing Committee:

Conference Co-Chairs
David Plant
 McGill University, Canada

Steve MacLean
  INRS-EMT, Canada 

Technical Program Co-Chairs
Roberto Morandotti
 INRS, Canada

Stewart Aitchison
 University of Toronto, Canada

Photonics North Vice-Chairman
George A. Lampropoulos
 A.U.G. Signals, Canada

Logistic and Exhibition
Véronique Gravel
 Conferium, Quebec, Canada

Partnership Opportunities
Pierre Bolduc
 Conferium, Quebec, Canada
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CONFERENCE CO CHAIRS
Steve MacLean, Associate Professor at the Institute for Quantum Computing (IQC) and Past President 

of the Canadian Space Agency
David V. Plant, James McGill Professor, McGill University and SYTACom Director

VICE-CHAIRMAN
George A. Lampropoulos, A.U.G. Signals, Canada

TECHNICAL PROGRAM CO-CHAIRS
Roberto Morandotti, INRS, Canada

Stewart Aitchison, University of Toronto, Canada

MARkETING SECRETARy
kexing Liu, Mira Connections, Ottawa, Canada

SESSION CHAIRS

Green photonics, energy, and related technologies
Winnie ye, chair, Carleton University, Canada

Giovanni Fanchini, co-chair, University of Western Ontario, Canada
Fiorenzo Vetrone, co-chair, INRS, Canada

High Power Laser technology, ultrafast optics and applications
Donna Strickland, chair, Waterloo University, Canada

François Légaré, co-chair, INRS-EMT, Canada
Frank Hegmann, co-chair, University of Alberta, Canada

Nonlinear Optics, Nanophotonics and Quantum Optics
Luca Razzari, chair, INRS-EMT, Canada

Alain Haché, co-chair, University of Moncton, Canada
Li Qian, co-chair, University of Toronto, Canada

Jeff young, co-chair, University of British Columbia, Canada

Optical Communications
Raman kashyap, chair, École Polytechnique de Montréal, Canada

Dave Moss, co-chair, RMIT University, Melbourne, Australia
Nathaniel Quitoriano, co-chair, McGill University, Canada

Optoelectronics and integrated optics
Amr Helmy, chair, University of Toronto, Canada

Photonic Commercialization
Peter kung, chair, QPS, Canada

Martin Guy, co-chair, Teraxion, Canada
Daryoosh Saeedkia, co-chair, Tetechs, Canada

Photonics materials
Peter Hermann, chair, University of Toronto, Canada

Photonic Sensors and Biomedical Optics
Al Meldrum, chair, University of Alberta, Canada
Siegfried Janz, co-chair, University of Iowa, USA
Ofer Levi, co-chair, University of Toronto, Canada

Hans Peter Loock, co-chair, Queens University, Canada
David J. Morris, co-chair, Sherbrooke University, Canada

Photonics theory, design and simulation
Pavel Cheben, chair, National Research Council, Canada

Marc Dignam, co-chair, Queens University, Canada

Plasmonic, hybrid plasmonics, and artificial media
M. Mojahedi, chair, University of Toronto, Canada

Andrew G. kirk, co-chair, McGill University, Canada
Vien Van, University of Alberta, Canada
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PLENARy SPEAkERS
Demetrios Christodoulides, CREOL, USA

Physics and Applications of Airy Beams and other Optical Accelerating Waves

Alfred Leitenstorfer, Konstanz (GE)
Broadband Terahertz Technology and Ultrafast Quantum Phenomena in Condensed Matter

Steve MacLean, INRS-EMT, Canada
Space and Photonics

David Plant, McGill University, Canada
The Converging Requirements and Commensurate Leveraging Opportunities of Long-Haul and Short 

Reach Fiber Optic Communications

Mordechai Segev, Technion – Israel Institute of Technology, Israel
Structure-based subwavelength imaging, and super-resolution in time,

frequency, and quantum systems

Alain Villeneuve, Genia Photonics, Canada
The benefits of Genia-university collaborations on the development of Genia’s CARS and

mid-IR swept-laser baser spectroscopy and imaging system

INVITED SPEAkERS

Green photonics, energy and related technologies

Dr. Michael Adachi, University of Toronto, Canada
Recent advances in Colloidal Quantum Dot Photovoltaics

Lee Bo Mi, McMaster University, Canada
Hybrid Blue Organic Light Emitting Diodes with Best Combination of
Fluorescent and Phosphorescent Emitting Layer along with Inter-layer

Prof. Paul Charpentier, Western University, Canada
Porous Nanowire-Graphene Assemblies for Dye-Sensitized Solar Cells

Daniel Chua, National University of Singapore, Singapore
Studying the optical properties of graphene composites and other 2D materials

Prof. Reuven Gordon, University of Victoria, Canada
Nanoplasmonic Approaches to Enhanced Light-Matter Interaction with Harvesting Applications

Prof. karin Hinzer, University of Ottawa, Canada
High Efficiency Multi-Junction Solar Cell Designs and
their Integration in High Concentration Solar Systems

Prof. Rafael kleiman, McMaster University, Canada
High Efficiency Photovoltaics

Dr. Dongling Ma, INRS, Canada
Solar Cells based on semiconductor and plasmonic nanostructures

Prof. Benoit Marsan, UQAM, Canada
CuInS2-based semiconductor electrodes for the development of homojunction solar cells

Prof. Masahiro Nomura, University of Tokyo, Japan
Thermal conduction control by phonon-band engineering and application to thermoelectrics

Prof. Qiquan Qiao, South Dakota State University, USA
Polymer Solar Cells

Professor Clara Santato, Polyechnique Montreal, Canada
Towards Electrolyte Gated Organic Light Emitting Transistors: Sub-1 V Polymer 

Transistors with High-Surface Area Carbon Gate Electrodes

Prof. Andrei Sazonov, University of Waterloo, Canada
Thin FIlm Silicon Photovoltaic Modules on Flexible Plastic Substrates

Dr. Alberto Vomiero, CNR-Brescia, Italia
Colloidal and non-colloidal quantum dots for light harvesting in excitonic solar cells

 
High Power Laser technology, ultrafast optics and applications

Ladan Arissian, University of New Mexico, Mexico
High power short pulse propagation in air; keeping the balance of a filament

Andrius Baltuska, Technische Universität Wien, Austria
Energy and Average Power Scaling of Mid-IR Femtosecond Parametric Amplifiers

Zenghu Chang, University of Central Florida, USA
Broadband High Flux Isolated Attosecond Pulses

Eric Cormier, CELIA Université Bordeaux, France
Fiber laser pumping of Yb-doped materials:

a road to high power sub 50 fs oscillators and high-gain amplifiers

David Cooke, McGill University, Canada
Time-resolved Multi-THz Spectroscopy of Colloidal Nanorods

Arnaud Courairon, Ecole Polytechnique, France
Self-compression of near and mid-infrared pulses by filamentation in transparent solids
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Lou DiMauro, University of Ohio, USA
Laser-induced Electronic Wave Packets as a Sub-nanometer and Sub-femtosecond Probe

Robert Fedosejevs, University of Alberta, Canada
Wakefield Acceleration of Femtosecond 100 MeV to GeV Energy Electron Bunches

Julien Fuchs, École Polytechnique, France
Toward ion acceleration at high-repetition rate in low-density targets

Vladimir karpov, MPB Communications Inc., Canada
Single-frequency visible-band fiber sources for astronomy and atom cooling

Dr. Christoph Lange, Universität Regensburg, Germany
Phase-locked Multi-THz High-Harmonic Generation and all-coherent

charge transport by Dynamical Bloch Oscillations in Bulk Semiconductors

Donatas Majus (on behalf of Audrius Dubietis), Vilnius University, Lithuania
Spatiotemporal light bullets as polychromatic Bessel beams

Michel Piche, Universite Laval, Canada
Generation of femtosecond electron pulses through the
interaction of radially-polarized laser beams with gases

Peter Uhd Jepsen, Technical University of Denmark, Denmark
Extreme nonlinear THz optics of metals

 
Nonlinear Optics, Nanophotonics and Quantum Optics

Paul Barclay, University of Calgary, Canada
Nanophotonic optomechanics and quantum optics in diamond

Dario Gerace, University of Pavia, Italy
Single-photon nonlinear optics in passive photonic nanocavities

Ilja Gerhardt, University of Stuttgart, Germany
Molecular photons interfaced with alkali atoms

René Hellman, Friedrich-Schiller-Universität Jena, Germany
Integrated laser-written photonic quantum circuits

Matthias C. Hoffmann, SLAC National Accelerator Laboratory, United States
Ultrafast X-ray experiments using terahertz excitation

Carlo Liberale, IIT, Italy and KAUST, Saudi Arabia
Multiphoton methods in fabrication and imaging towards

high sensitivity label-free detection in biology

Tom Lummen, EPFL, Switzerland
Visualizing nanophotonics using photon-Induced near-field electron microscopy

Alexander Lvovsky, University of Calgary, Canada
Measuring the temporal wave function of a photon

Vadim Makarov, University of Waterloo, Canada
Quantum cryptography: implementations and practical security

Vinod Menon, CUNY and Queens College, United States
Control of light-matter interaction using organic-inorganic hybrid excitons

Anna Peacock, University of Southampton, UK
Nonlinear optics in silicon fibre micro structures

Mikael Rechtsman, Technion, Israel
Aspects of photonic topological insulators

Vladimir Shalaev, Purdue University, United States
Bringing metamaterials and plasmonics to real applications

Carlos Silva, University of Montreal, Canada
Exciton-polariton dynamics in organic-semiconductor Fabry-Perot microcavities

probed by multidimensional coherent spectroscopy

Cesare Soci, NTU, Singapore
Multimaterial fiber nanomanufacturing: from photodetectors to nonlinear light sources

koichiro Tanaka, University of Kyoto, Japan
Non-linear terahertz response of carriers in low dimensional semiconductors

Wolfgang Tittel, University of Calgary
, Canada (Presented by Erhan Saglamyurek)

Spectrally multiplexed quantum memories for quantum repeaters

Jorge Tredicce, University of New Caledonia, New Caledonia
Localized Structures, Optical Vortices and Extreme Events in Laser Dynamics

Stelios Tzortzakis, FORTH-IESL, Greece
Taming strong ultrashort laser and THz fields

Martin Wimmer, University Erlangen-Nuremberg, Germany
From discrete solitons to the optical diametric drive
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Optical Communications

Dr. Bill Corcoran, Monash Unversity, Australia
Phase-Sensitive Amplifiers in Fiber Optic Links

Dr. David Marpaung, University of Sydney, Australia
Nonlinear integrated microwave photonics

Tanvir Mahmood, University of Maryland Baltimore County, USA (Presented by Gary Carter)
Polarization-insensitive All-optical Data Transfer using Cross-Phase Modulation in a PCF

Prof. Arnan Mitchell, RMIT, Australia
Harnessing lateral leakage radiation from shallow ridge silicon photonic

waveguides for long range cross chip communications

yoshi Okawachi, Cornell University, USA
Microresonator-based parametric frequency combs

Jochen Schroeder, University of Sydney, Australia
Multi-mode spectral pulse shaping and wavelength switching for telecom and beyond

Prof Peter G.R. Smith, Southampton University, UK
At the Cross-Roads of Effective Quantum Information Processing with Integrated Optical Gates

 
Optoelectronics and integrated optics

Sonia Garcia Blanco, University of Twente, Netherlands (Presented by Sergio Vazquez Cordova)
Integration of rare-earth doped waveguide amplifiers onto passive photonic motherboards

Pavel Cheben, National Research Council of Canada, Canada
Subwavelength silicon nanophotonics

Prof. Catrina Coleman, University of Dallas, USA
Measurement of chirp in mode-locked diode lasers

Prof. James Coleman, University of Dallas, USA
Patterned Semiconductor Quantum Dot Lasers

Majid Ebrahim-Zadeh, ICFO-The Institute of Photonic Sciences, Spain
Optical Parametric Oscillators: New Frontiers

Jonathan klamkin, Boston University, USA
Compact Nanophotonic Devices and Photonic Integrated Circuits on

Silicon for Optical Interconnect Applications

Natalia M. Litchinitser, University at Buffalo, USA (Presented by Mikhail Shalaev)
Structured Light in Photonic Metamaterials

Dr. Tony Low, IBM Labs, Yorktown heights, USA
Light-Matter Interactions in 2D Materials

Prof. John Marsh, University of Glasgow, UK
Stable mode-locked lasers for the THz regime

Chaker Mohamed, INRS-EMT, Canada
Calcium barium niobate thin-film based electro-optical devices: Recent progress and challenges

Richard Osgood, Columbia University, USA
Coherent Perfect Loss Modulators

 
Photonic Commercialization

Lawrence Chen, McGill University, Canada
How partnership programs have enabled research and development: an example of a successful 

university-industry partnership/collaboration

Lukas Chrostowski, University of British Columbia, Canada
Silicon Photonics, including opportunities for companies to manufacture chips,

learn how to design them, package them, etc.

Boris Grek, Enablence, USA
Industry-Academy cooperation and photonics industry needs

Siegfried Janz, National Research Council Canada, Canada
Advanced Photonic Components at the NRC: Driving Photonics into the Future

Hans Peter Loock, Queen’s University, USA
The Photonic Guitar: Up to Here

Twan korhorst, Phoenix Software, Netherlands
The success of PhoeniX Software

David Rolston, Reflex Photonics, Canada
Reflex: A Start-Up’s Post-Bubble Journey

Andranik Sarkissian, Plasmionique, Canada
Impact of Plasma-Based Technologies in Advanced Device and Surface Engineering

Damian Vilchis-Rodriguez, The University of Manchester, UK
Wide Band Fiber Bragg Grating Accelerometer for Rotating AC Machinery Condition Monitoring
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Photonics Materials

Debashis Chanda, University of Central Florida, USA
Large Area Printed Three-Dimensional Optical Metamaterials

Hugo Enrique Hernández Figueroa, UNICAMP, Brazil
Antennas for Optical Wireless Systems

yongfeng Lu, University of Nebraska-Lincoln, USA
Laser Direct Writing of Graphene Patterns on Glasses under Ambient Condition

Cleber Mendonca, University of Sao Paulo, Brazil
Femtosecond Laser Microfabrication in Special Polymers

David Moss, University of Sydney, Australia
High Performance Platforms for Integrated Nonlinear Optics

Roberta Ramponi, Politecnico di Milano, Italia
Femtosecond laser micromachining for the realization of

fully integrated photonic and microfluidic devices

 
Photonic Sensors and Biomedical Optics

Pierre Berini, University of Ottawa, Canada
Strategies for leukemia detection using long-range surface plasmon-polaritons

François Blanchard, Mc Gill University, Canada
Chemical and bio sensing with 2-dimensional terahertz near-field imaging

Lawrence Chen, Mc Gill University, Canada
Fiber optic sensing with fiber lasers

Daniel Côté, Laval University, Canada
Polarimetric imaging for molecular order characterization of myelin

Jan Dubowski, Sherbrooke University, Canada
GaAs-based nanostructured emitters for monitoring surface immobilized molecules

Application of GaAs/AlGaAs heterostructures for photonic detection of
bacteria in a water environment

Carlos Escobedo, Queen’s University, Canada
Controlled analyte concentration and flow-through transport using optofluidic nanostructures

Arsen Hajian, Tornado Spectral Systems, USA
Biomedical Applications with Nanophotonic OCT

Jiri Homola, Prague, Czech Republic

Plasmonic Biosensors for Medical Diagnostics and Food Safety

Andrew kirk, Mc Gill University, Canada
Optimally combining wavelength and quality factor information for

sensing in whispering gallery mode optical microcavities

Frédéric Lesage, École Polytechnique de Montreal, Canada
Single-Scattering Optical Projection Tomography Applied to Heart Injury Lesions in Rats

Tao Lu, University of Victoria, Canada
Whispering Gallery Microcavity Sensing

Ozzy Mermut, INO, Canada (Presented by Pascal De La Durantaye)
Impact of the pulse shape on nanosecond laser-triggered microcavitation around micrometer-sized 

melanin granules and associated laser safety considerations

Steven Mihailov, NRC Ottawa, Canada
Femtosecond laser induced fibre Bragg gratings for harsh environment sensing applications

Bojana Stefanovic, Sunnybrook Health, Canada
Modeling of microvascular hemodynamics from in situ two-photon fluorescence microscopy

Alice Sun, Texas, USA
Optofluidic Biolasers

Chris Xu, Cornell
In Vivo Deep Tissue Multiphoton Microscopy

 
Photonic Theory, Simulation and Design

SPECIAL kEyNOTE PRESENTATION: Prof. Graham Reed, Southampton Unversity, UK
Design strategies for high-speed silicon-based modulators

Henri Benisty, Laboratoire Charles Fabry de L’Institut d’Optique, Orsay, France
Waveguide structures with PT-symmetry for potential photonics application

Prof. Wim Bogaerts, Ghent University, Belgium
Challenges in a photonics-electronics codesign

kurt Bush, Humboldt University, Berlin, Germany
Plasmonic systems with the discontinuous Galerkin time-domain approach

Niels Gregersen, DTU, Denmark
Single-photon source engineering using a modal method

Robert Halir, Malaga University, Spain
Polarization management for coherent optical receivers
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youfang Hu, ORC, Southampton, United Kingdom
Multichannel silicon photonic devices

Stephen Hughes, Queen’s University, Canada,
Quasimodes and Purcell factors for leaky optical cavities and plasmonic nanoresonators

Delphine Marris-Morini, CNRS, France
Ge/SiGe quantum well modulator design

Francesco Morichetti, Politecnico di Milano, Italy
Understanding, mitigating, and exploiting surface effects in optical waveguides

Jarmila Mullerova, University of Zilina, Slovakia
Design of high-speed passive optical networks

Prof. Jeremy O’Brien, University of Bristol, United Kingdom
On-chip quantum interference between silicon photon-pair sources

yves Painchaud, TeraXion, Canada
Silicon photonics: Designing for products

Sendy Phang, University of Nottingham, United Kingdom
Nonlinear parity-time Bragg grating

James Pond, Lumerical Solutions, Inc., Canada
Eigenmode expansion vs FDTD: which is better?

Joyce Poon, University of Toronto, Canada
Nanoscale opto-electronics design using vanadium dioxide

Jens Schmid, National Research Council, Canada
Subwavelength grating structures for silicon photonic devices

Gonzalo Wanguemert-Perez, University of Malaga, Spain
Designing subwavelength gratings for sensing and polarization management

Jeremy Witzens, Aachen University, Germany
Design of misalignment tolerant edge couplers for hybrid integration

Dan-Xia Xu, National Research Council, Canada
Optimization of SOI thickness for silicon photonics circuits

Winnie ye, Carleton University, Canada
Design of Pockel’s effect silicon modulators

Ben yoo, University of California Davis, USA
Heterogeneous photonic integrated circuits design

Jeff young
, University of British Columbia, Canada

Optical trapping results in photonic crystal microcavities

 
Plasmonic, hybrid plasmonics, and artificial media

Ibraheem Al-Naib, INRS, Canada
Harmonic generation in graphene at terahertz frequencies:

The role of interband and intraband dynamics

Pierre Bérini, University of Ottawa, Canada
Surface plasmon enhanced optoelectronics

Abdulhakem Elezzabi, University of Alberta, Canada
Harmonic Generation in Graphene at Terahertz Frequencies:

The Role of Interband and Intraband Dynamics

Reuven Gordon, University of Victoria, Canada
Seeing a single protein and its interaction with small molecules

Amr Helmy, University of Toronto, Canada
Novel Approaches for Designing Asymmetric Hybrid Plasmonic Structures

Andrew kirk, McGill University, Canada
Optimally combining wavelength and quality factor information for

sensing in whispering gallery mode optical microcavities

Michel Meunier, École Polytechnique de Montréal, Canada
Gold-Silver Alloy plasmonics nanoparticles: physics, synthesis and applications in bio-imaging

Mo Mojahedi, University of Toronto, Canada
Plasmonics and hybrid Plasmonics an Overview: Theory and Applications

Mohamed Salem, Ecole Polytechnique de Montreal, Canada
Metasurface Synthesis for Optical Radiation Enhancement

Vien Van, University of Alberta, Canada
Chiral Surface Plasmon Polaritons and Their Application for Chirality Detection

Gilbert Walker, University of Toronto, Canada
One-dimensional Surface Phonon Polaritons
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CHAIR: Pavel Cheben CHAIR: Maurzio Burla CHAIR: Vien Van

08:00 
-

08:35

Simulation of high perfor-
mance carrier depletion 
optical modulators in silicon

(DESIGN.28.01.1) 
Graham Reed, David 
Thomson, Frederic Gardes, 
Youfang Hu

08:00 
-

08:15

Simulation of a Metal 
Nano-strip Grating Distrib-
uted Bragg Reflector (DBR) 
Laser

(OPTO.28.02.1)
Lanxin Deng, Qingyi Guo, 
Jianwei Mu 

08:00 
-

08:25

One-dimensional Surface 
Phonon Polaritons

(PLASMO.28.03.1)
Gilbert Walker, Xiaoji Xu, 
Behnood Ghamsari, Leonid 
Gilburd, Gregory Andreev, 
Chunyi Zhi, Yoshio Bando, 
Dmitri Golberg, Pierre Berini

08:15 
-

08:30

Fabrication of Precisely-
Spaced Coherent Comb-
Sources Via Facet Etching 
of InP-Based Quantum-Dot 
Lasers

(OPTO.28.02.2)
Pedro Barrios, Zhenguo Lu, 
Jiaren Liu, Philip Poole, 
Chun-Ying Song, Siegfried 
Janz

08:35
 - 

09:00

Challenges in Photonics-
Electronics Codesign.

(DESIGN.28.01.2)
Wim Bogaerts

08:30 
-

08:45

Optical Feedback Time-De-
lay Concealment in Double-
Cavity Polarization-Rotated 
Vertical-Cavity Surface-
Emitting Lasers

(OPTO.28.02.3)
Hong Lin, Yanhua Hong, Alan 
Shore

08:25 
-

08:50

Seeing single proteins inter-
act with small molecules and 
DNA with the double-nano-
hole in a metal film

(PLASMO.28.03.2)
Reuven Gordon

09:00 
- 

09:15

Graphene monolayer in 
ultrashort laser pulse
(DESIGN.28.01.30)
Vadym Apalkov, Hamed 
Koochaki  Kelardeh Mark 
Stockman 08:45 

-
09:00

Growth control of GaSb 
quantum dots on GaAs with 
reflectance anisotropy spec-
troscopy

(OPTO.28.02.4)
Johannes Strassner, Johannes 
Richter, Thomas Loeber, Hen-
nig Fouckhardt

08:50 
-

09:05

Simulation of laser-induced 
thermal and plasma dynam-
ics of gold nanoparticle 
dimers in hyperthermia 
therapy

(PLASMO.28.03.3)
Ali Hatef, Michel  Meunier

Wednesday AM, May 28th

04-HIGH POWER: 519 05-NONLINEAR: 521B
CHAIR:Patrizio Antici CHAIR:Marcello Ferrera

08:00 
-

08:25

Wakefield Acceleration of Femtosecond 100 
MeV to GeV Energy Electron Bunches

(HIGHPOWER.28.04.1)
Robert Fedosejevs, Mianzhen Mo,  Atif Ali, 
Rozmus Rozmus, Paul-Edouard  Masson-Laborde, 
Sylvain  Fourmaux, Philip Lassonde, Jean-Claude 
Kieffer

08:00 
-

08:25

Visualizing Nanophotonics using Photon-In-
duced Near-Field Electron Microscopy

(NONLINEAR.28.05.1)
Tom Lummen, Luca Piazza, Yoshie Murooka, Erik 
Quiñonez, Bryan Reed, Brett Barwick, Fabrizio 
Carbone

08:25 
-

08:50

Toward ion acceleration at high-repetition rate 
in low-density targets

(HIGHPOWER.28.04.2)
Julien Fuchs, Emmanuel D’Humières

08:25 
-

08:40

Metallic Conical Nanoantennas: Resonance 
Characteristics

(NONLINEAR.28.05.2)
Salvatore Tuccio, Carlo Liberale, Alessandro 
Alabastri, Andrea Toma, Francesco De Angelis, 
Patrizio Candeloro, Gobind Das, Andrea Giugni, 
Remo Proietti Zaccaria, Enzo Di Fabrizio, Luca 
Razzari

08:50 
-

09:05

Versatile femtosecond laser fabrication of gra-
phene micro and nano-disks using vortex Bessel 
beams

(HIGHPOWER.28.04.3)
Benjamin Wetzel, Chen Xie, Pierre Ambroise 
Lacourt, John M. Dudley, Francois Courvoisier 08:40 

-
08:55

Fabrication and characterization of surface 
nanoscale axial photonics microresonators

(NONLINEAR.28.05.3)
Tabassom Hamidfar, Pablo Bianucci



26 27

Wednesday AM, May 28th
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09:15
 - 

09:30

Frequency Tuning of Mi-
croring Resonators through 
Evanescent Field Perturba-
tion for Optical MEMS SOI 
Platforms

(DESIGN.28.01.4)
Marcus Dahlem, Hossam 
Shoman

09:00 
-

09:15

Silicon based vertical tapers 
fabricated using a low cost, 
high precision, microfabrica-
tion process

(OPTO.28.02.5)
Guillaume Beaudin

09:05 
-

09:20

Nanoplasmonic by Long 
Rang order Nanohole Ar-
rays

(PLASMO.28.03.4)
Ahmadreaz Hajiaboli, Moj-
taba Kahrizi

09:30 
- 

09:55

Design of Ge/SiGe quantum-
well waveguide modulators

(DESIGN.28.01.5)
Delphine Marris-Morini, 
Mohamed-Saïd Rouifed, 
Papichaya Chaisakul, Jacopo 
Frigerio, Giovanni Isella, 
Daniel Chrastina, Laurent 
Vivien

09:15 
-

09:40

Patterned Semiconductor 
Quantum Dot Lasers

(OPTO.28.02.6)
James Coleman

09:20 
-

09:45

Design and fabrication of 
plasmonic nanostructures 
for optical biosensing by 
nanoimprint lithography

(PLASMO.28.03.5)
Andrew Kirk, Ahmed 
Abumazwed, Wakana Kubo, 
Takuo Tanaka

09:55 
- 

10:10

Nanoscale opto-electronics 
using vanadium dioxide

(DESIGN.28.01.6)
Joyce  Poon, Arash Joush-
aghani, Junho Jeong, Stewart 
Aitchison, Suzanne Paradi, 
David Alain 09:40 

-
10:05

Stable mode-locked lasers 
for the THz regime

(OPTO.28.02.7)
John Marsh, Lianping Hou

09:45
 - 

10:10

Harmonic Generation in 
Graphene at Terahertz 
Frequencies: The Role of 
Interband and Intraband 
Dynamics

(PLASMO.28.03.6)
Ibraheem Al-Naib, John E. 
Sipe, Marc M. Dignam

10:10
 -

10:30
COFFEE BREAk - HALL 521

Wednesday AM, May 28th

04-HIGH POWER: 519 05-NONLINEAR: 521B
CHAIR:Patrizio Antici CHAIR:Marcello Ferrera

09:05 
-

09:20

High Gain Frequency domain Optical Para-
metric Amplifier (FOPA) for High Contrast ps 
Pulses

(HIGHPOWER.28.04.4)
François Légaré, Philippe Lassonde, Maxime 
Boivin, Ladan Arissian, Bruno E. Shmidt

08:55 
-

09:10

Lossy pair-generation in coupled-cavity systems 
via spontaneous four-wave mixing

(NONLINEAR.28.05.4)
Mohsen Kamandar Dezfouli, Marc Dignam

09:20 
-

09:45

Spatiotemporal light bullets as polychromatic 
Bessel beams

(HIGHPOWER.28.04.5)
Donatas Majus, Gintaras Tamo’sauskas, Ieva 
Gra’zulevi’ciute, Nail Garejev, Antonio Lotti, Arn-
aud Couairon, Daniele Faccio, Audrius Dubietis

09:10 
-

09:25

Phonon modified spontaneous emission from 
single quantum dots in a structured photonic 
medium

(NONLINEAR.28.05.5)
Kaushik Roy Choudhury, Stephen  Hughes

09:25 
-

09:40

Simple and inexpensive method to improve op-
tical quality of Silicon photonic crystals

(NONLINEAR.28.05.6)
Kashif Awan, Sebastian Schulz, Dennis Liu, Jer-
emy Upham, Robert Boyd

09:45
 - 

10:10

Generation of femtosecond electron pulses 
through the interaction of radially-polarized 
laser beams with gases

(HIGHPOWER.28.04.6)
Michel Piché

09:40
 - 

09:55

First high aspect ratio nanorod photonic crystal 
on lithium niobate

(NONLINEAR.28.05.7)
Mohsen Kamandar Dezfouli, Marc Dignam

09:55
 - 

10:10

Characterization of ZnO Nanowire based Het-
erojunction LED

(NONLINEAR.28.05.8)
Bita Janfeshan, Siva Sivoththaman

10:10
 -

10:30
COFFEE BREAk - HALL 521
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Room 519
10:30 Opening Welcome

10:45
 -

11:30

Plenary lecture 1 (PLEN.28.06)
Structure-based sub-wavelength imaging and super-resolution in time, frequency, and quantum systems.
Mordechai Segev, Yonina Eldar, Oren Cohen

12:15
Plenary lecture 2 (PLEN.28.07)
Space and Photonics
Steve MacLean

12:15 
-

01:30
LUNCH (Not included)

Wednesday PM, May 28th

08-THEORy: 518A 09-OPTOELECTRO: 518B 10-PLASMONIC: 518C
CHAIR: Marc  Dignam CHAIR: Abdulhakem Elezzabi CHAIR: Mo Mojahedi

01:30 
-

01:55

Single-photon source en-
gineering using a Modal 
Method

(DESIGN.28.08.2)
Niels Gregersen

01:30 
-

01:55

Calcium barium niobate 
thin-film based electro-opti-
cal devices: Recent progress 
and challenges

(OPTO.28.09.1)
Chaker Mohamed

01:30 
-

01:55

Surface plasmon enhanced 
optoelectronics

(PLASMO.28.10.1)
Pierre Berini

01:55
 - 

02:20

On-chip Quantum Interfer-
ence between Silicon Pho-
ton-pair Sources

(DESIGN.28.01.4)
Jeremy O’Brien, Joshua 
Silverstone, Damien Bonneau, 
Marc Sorel, Raffaele Santa-
gati, Michael J Strain, Nobuo 
Suzuki, Norio Lizuka, Mark 
Thompson, Mizunori Ezaki, 
Robert Hadfield, Graham 
Marshall, Chandra Natarajan, 
Kazuya Ohira, John Rarity, 
Michael Tanner, Val Zwiller, 
Hideki Yoshida

01:55
-

02:20

Compact Nanophotonic 
Devices and Photonic Inte-
grated Circuits on Silicon 
for Optical Interconnect 
Applications

(OPTO.28.09.2)
Jonathan Klamkin, Hongwei 
Zhao, Stefano Faralli, Pietro 
Contu, Fabrizio Gambini, 
Clarissa Campanella, Antonio 
Malacarne, Gianluca Meloni, 
Gianluca Berrettini, Giamp-
iero Contestabile, Luca Poti

01:55
-

02:20

Metal-Oxide-Silicon (MOS) 
Hybrid Plasmonic Devices

(PLASMO.28.10.2)
Vien Van

Room 519
10:30 Opening Welcome

10:45
 -

11:30

Plenary lecture 1 (PLEN.28.06)
Structure-based sub-wavelength imaging and super-resolution in time, frequency, and quantum systems.
Mordechai Segev, Yonina Eldar, Oren Cohen

11:30
 -

12:15

Plenary lecture 2 (PLEN.28.07)
Space and Photonics
Steve MacLean

12:15 
-

01:30
LUNCH (Not included)

Wenesday PM, May 28th

11-HIGH POWER: 519 12-NONLINEAR: 521B
CHAIR: Ladan Arissian CHAIR: Luca Razzari

01:30 
-

01:55

Broadband High Flux Isolated Attosecond 
Pulses

(HIGHPOWER.28.11.1)
Zenghu Chang

01:30 
-

02:20

Bringing metamaterials to real applications
(NONLINEAR.28.12.1)

Vladimir Shalaev, U. Guler, G. V. Naik, M. Sha-
laginov, A. Lagoutchev, A. V. Kildishev, M. Fer-
rera, N. Kinsey, A. Boltasseva

01:55
-

02:20

Laser-induced Electronic Wave Packets as a 
Sub-nanometer and Sub-femtosecond Probe

(HIGHPOWER.28.11.2)
Antoine Camper, Cosmin Blaga, Junliang Xu, Kai-
kai Zhang, Stephen Schoun, Agostini Pierre, Louis 
DiMauro

02:20
-

02:35

Scattering and nonlinear spectroscopy of gold 
nanoparticle-metal film in the nonlocal regime

(NONLINEAR.28.12.2)
Reuven Gordon
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02:20 
- 

02:35

A generalisation of eigen-
mode super-resolution imag-
ing to arbitrary systems

(DESIGN.28.08.3)
Kevin Piche

02:20 
-

02:35

UV Laser Quantum Well In-
termixing: Process reliability 
for optoelectronics device 
fabrication

(OPTO.28.09.3)
Romain Beal, Vincent Aimez, 
Jan J. Dubowski

02:20 
-

02:35

TiN-based plasmonic inter-
connects

(PLASMO.28.10.3)
Marcello Ferrera, Nathaniel  
Kinsey, Gururaj Naik, Alex  
Kildishev, Vladimir Shalaev, 
Alexandra Boltasseva

02:35 
- 

02:50

Autoresonant Second 
Harmonic Generation in a 
Nonuniform LBO Crystal

(DESIGN.28.08.4)
Oded Yaakobi, Anna 
Mazhorova, Matteo Clerici, 
Gabriel Dupras, Daniele Mo-
dotto, François Vidal, Roberto 
Morandotti

02:35 
-

02:50

Analysis of the Large and 
Small Signal Direct Current  
Modulation Response up to 
60GHz of Metal-Clad Nano-
Lasers

(OPTO.28.09.4)
Zubaida Sattar, Alan Shore

02:35 
-

02:50

Dynamic imaging of nano-
cavitation around plasmonic 
nanoparticles irradiated by 
an off-resonance femtosec-
ond laser

(PLASMO.28.10.4)
Christos Boutopoulos, Mat-
thieu Fortin-Deschênes,  Ali 
Hatef, Michel Meunier

02:50  
03:15 COFFEE BREAk - HALL 521

Wednesday PM, May 28th

13-THEORy: 518A 14-OPTOELECTRO: 518B 15-PLASMONIC: 518C
CHAIR: Jens Schmid CHAIR: Mohamed Chaker CHAIR: A. kirk/M. Meunier 

03:15 
- 

03:40

Waveguide structures with 
PT-symmetry for potential 
photonics application

(DESIGN.28.13.1)
Henri Benisty, Aloyse Degiron, 
Anatole Lupu 03:15 

- 
03:40

Subwavelength silicon 
nanophotonics 

(OPTO.28.14.1)
Pavel Cheben, Jen Schmid, 
Dx Xu, J. Lapointe, S. 
Janz, M. Vachon, S. Wang, 
R. Halir, A. Ortega Monux, 
C. Alonzo Ramos, J.G. 
Wangüemert Pérez, I Mo-
lina Fernandez, P. Bock, 
D. Benedikovi’M. Dado, J. 
Mullerova

03:15 
- 

03:40

Novel Approaches for De-
signing Asymmetric Hybrid 
Plasmonic Structures

(PLASMO.28.15.1)
Amr Helmy

03:40 
- 

04:05

Multichannel silicon photonic 
devices based on angled mul-
timode interferometers

(DESIGN.28.13.2)
Youfang Hu, Callum Little-
johns, Jordi Soler Penades, Ali 
Khokhar, Stevan Stankovi’c, 
Scott Reynolds, Colin Mitchell, 
Frederic Gardes, David Thom-
son

03:40 
- 

04:05

Coherent Perfect Loss 
Modulators

(OPTO.28.14.2)
Richard Osgood

03:40 
- 

04:05

Metasurface Synthesis for 
Optical Radiation Enhance-
ment

(PLASMO.28.15.2)
Mohamed Salem, Chris-
tophe Caloz, Themos Kallos, 
George Palikaras

02:20 
-

02:35

6mJ 2-cycle pulses at 1.8’m by hollow-core fiber 
compression

(HIGHPOWER.28.11.3)
Vincent Cardin, Bruno E. Shmidt, Nicolas Thiré, 
Vincent Wanie, François Légaré

02:35
-

02:50

Optical imaging of nano-structures with tip-
enhanced Raman spectroscopy

(NONLINEAR.28.12.3)
Mischa Nicklaus, Julien Plathier, Andreas Ruedi-
ger

02:35 
-

02:50

Monochromatic Terahertz Generation from 
Beta-Barium Borate

(HIGHPOWER.28.11.4)
David Valverde-Chavez, David Cooke

02:50  
03:15 COFFEE BREAk - HALL 521

Wenesday PM, May 28th

16-HIGH POWER: 519 46-NONLINEAR: 521B
CHAIR: Robert Fedosejevs CHAIR: Jorge Tredicce

03:15 
- 

03:40

Phase-locked Multi-THz High-Harmonic Gen-
eration and All-coherent Charge Transport by 
Dynamical Bloch Oscillations in Bulk Semicon-
ductors

(HIGHPOWER.28.16.1)
Christoph Lange, Olaf Schubert, Matthias Ho-
henleutner, Fabian Langer, Benedikt Urbanek, 
Ulrich Huttner, Daniel Golde, Torsten Meier, 
Mackillo Kira, Stephan Koch, Rupert Huber

03:15 
- 

03:40

Aspects of photonic topological insulators
(NONLINEAR.28.46.1)

Mikael Rechtsman, Yonatan Plotnik, Julia Zeuner, 
Yaakov Lumer, Mordechai Segev, Alexander 
Szameit

03:40 
- 

04:05

Energy and Average Power Scaling of Mid-IR 
Femtosecond Parametric Amplifiers

(HIGHPOWER.28.16.2)
Skirmantas Ali’auskas, Giedrius Andriukaitis, 
Tadas Bal’i’nas, Guangyu Fan, Andrius Bal-
tuska

03:40 
- 

04:05

Optical Mesh Lattices: From Discrete Solitons 
to the Optical Diametric Drive

(NONLINEAR.28.46.2)
Martin Wimmer, Alois Regensburger, Chris-
toph Bersch, Mohammad-Ali Miri, Sascha Batz, 
Georgy Onishchukov, Demetrios Christodoulides, 
Ulf Peschel
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CHAIR: Jens Schmid CHAIR: Mohamed Chaker CHAIR: A. kirk/M. Meunier 

04:05 
- 

04:20

Optimization of polarization 
diversity couplers for silicon 
photonics: Reaching the -1dB 
coupling efficiency threshold

(DESIGN.28.13.3)
Dario Gerace, Lee Carroll, 
Ilaria  Cristiani, Lucio Andreani

04:05 
- 

04:20

Demonstration and charac-
terization of angled optical 
fiber couplers for silicon 
photonic devices

(OPTO.28.14.3)
Christine Tremblay, Ab-
doulkader Ali Houfaneh, 
Hammou Hammoudi, Nelson 
Landry, Jiayang Wu, Yikai Su

04:05 
- 

04:20

Optical orbital angular mo-
mentum generation using 
a half-integer topological 
charge plasmonic metasur-
face

(PLASMO.28.15.3)
Frédéric Bouchard, Hammam 
Qassim Sebastian Schulz, Is-
rael De Leon, Jeremy Upham, 
Ebrahim Karimi,,Robert W. 
Boyd

04:20 
- 

04:45

Understanding, mitigating, 
and exploiting surface effects 
in optical waveguides

(DESIGN.28.13.4)
Francesco Morichetti, Daniele 
Melati, Stefano Grillanda, Gian 
Guido Gentili, Andrea Melloni

04:20 
- 

04:45

Structured Light in Pho-
tonic Metamaterials

(OPTO.28.14.4)
Natalia M. Litchinitser, 
Mikhail Shalaev, Apra  Pan-
dey, Jinwei Zeng, Zhaxylyk 
Kudyshev, Jingbo Sun

04:20 
- 

04:45

Plasmonics and hybrid 
Plasmonics an Overview: 
Theory and Applications

(PLASMO.28.15.4)
Mo Mojahedi

04:45 
- 

05:10

Design of misalignment toler-
ant edge couplers for hybrid 
integration

(DESIGN.28.13.5)
Jeremy Witzens, Sebastian 
Romero-Garcia, Bahareh 
Marzban, Saeed Sharif Azadeh, 
Florian Merget, Bin Shen

04:45 
- 

05:10

Light-Matter Interactions 
in 2D Materials

(OPTO.28.14.5)
Tony Low

04:45 
- 

05:10

Gold-Silver Alloy plasmon-
ics nanoparticles: physics, 
synthesis and applications 
in bio-imaging

(PLASMO.28.15.5)
Michel Meunier

05:10 
- 

05:35

2D and 3D heterogeneous 
photonic integrated circuits 
design towards functional 
chip-scale systems

(DESIGN.28.13.6)
S. J. Ben Yoo

05:10 
- 

05:35

Integration of rare-earth 
doped waveguide amplifiers 
onto passive photonic moth-
erboards

(OPTO.28.14.6)
Sonia Garcia Blanco

05:10 
- 

05:35

Si-based nanoplasmonics, 
strong-field, and nonlinear 
phenomena

(PLASMO.28.15.6)
Abdulhakem Elezzabi

Wednesday PM, May 28th

16-HIGH POWER: 519 46-NONLINEAR: 521B
CHAIR: Robert Fedosejevs CHAIR: Jorge Tredicce

04:05 
- 

04:20

Arrayed single-photon technologies for free-
space light-in-flight imaging

(HIGHPOWER.28.16.3)
Genevieve Gariepy, Nikola Krstajic, Robert 
Henderson, Chunyong Li, Robert Thomson, 
Gerald Buller, Christopher Barsi, Barmak Hes-
hmat, Ramesh Raskar, Jonathan LeachDaniele 
Faccio

04:05 
- 

04:20

Dynamical Two-Dimensional Accelerating 
Beams and Enhancement of Their Peak Intensi-
ties

(NONLINEAR.28.46.3)
Domenico Bongiovanni

04:20 
- 

04:45

High power short pulse propagation in air; 
keeping the balance of a filament

(HIGHPOWER.28.16.4)
Ladan Arissian, Shermineh Rostami, Brian 
Kamer, Amin Rasoulof, Jean Claude Diels

04:45 
- 

05:10

Self-compression of near and mid-infrared 
pulses by filamentation in transparent solids

(HIGHPOWER.28.16.5)
Arnaud Couairon, Vytautas Jukna, Julius 
Darginavicius, Donatas Majus, Nail Garejev, 
Ieva Grazuleviciute, Gintaras Valiulis, Ginta-
ras Tamosauskas, Audrius Dubietis, Daniele 
Faccio, Francisco Silva, Dane Austin, Michael 
Hemmer, Matthias Baudish, Alexandre Thai-
Jens Biegert

05:10 
- 

05:35

Single-Frequency Visible-Band Fiber Sources 
for Astronomy and Atom Cooling.

(HIGHPOWER.28.16.6)
Vladimir Karpov, Daoping Wei, Marjan 
Madani, Wallace Clements



34 35

Wednesday PM, May 28th
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05:35 
- 

06:20

Roles of High Order Bend 
Modes in Optical Wave Cou-
pling

(DESIGN.28.13.7)
Haibo Liang, Jianwei Mu, Xun 
Li, Weiping Huang

05:35 
- 

05:50

Mirrored Mesh-Tree 
Interconnect-on-Chip for 
Multiprocessor Systems

(OPTO.28.14.7)
Rubana Bahar Priti, Chun-
shu Zhang, Odile Liboiron-
Ladouceur

05:35 
- 

05:50

Plasmonic Heating and 
Temperature Sensing in the 
Terahertz Regime

(PLASMO.28.15.7)
Rafik  Naccache, Anna 
Mazhorova, Matteo Clerici, 
Luca Razzari, Fiorenzo 
Vetrone, Roberto Morandotti

05:50 
- 

06:05

Silicon-on-insulator carrier-
injection Mach-Zehnder 
switch cells for large switch 
matrices

(OPTO.28.14.8)
Patrick  Dumais, Jia Jiang, 
Hamid Mehrvar, Dritan Celo, 
Dominic Goodwill, Eric 
Bernier

05:50 
- 

06:20

Chiral Surface Plasmon Po-
laritons and Their Applica-
tion for Chirality Detection

(PLASMO.28.15.8)
Guangcan Mi, Vien Van

06:05 
- 

06:20

Group IV functionalization 
of low index waveguides

(OPTO.28.14.9)
Frederic Gardes, Thalia 
Dominguez Bucio, Callum 
Littlejohns, Graham Reed, K. 
Debnath, L. O’Faolain

18:30 WELCOME RECEPTION - FOyER 521

Wednesday PM, May 28th

16-HIGH POWER: 519
CHAIR: Robert Fedosejevs

05:35 
- 

05:50

Competition between Continuum Generation 
and Multi-Frequency Raman Generation

(HIGHPOWER.28.16.7)
Donna Strickland, Hao Yan, Andrew Jordan

05:50 
- 

06:05

Time-resolved photoluminescence study of col-
loidal Si NCs with different sizes and surface 
passivation

(HIGHPOWER.28.16.8)
Glenda De Los Reyes, Mita  Dasog, Lyubov  
Titova, Jonathan  Veinot, Frank Hegmann

06:05 
- 

06:20

Imaging of structure in the OCS6+ molecule, 
using intense variable pulse-length 7-200fs laser 
pulses

(HIGHPOWER.28.16.9)
Ali Ramadhan, Reza Karimi, Benji Wales, Eric 
Bissone, Samuel Beaulieu, Mathieu Giguère, 
Francois Légaré, Joseph Sanderson

18:30 WELCOME RECEPTION - FOyER 521
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Thursday AM, May 29th

17-THEORy: 518A 18-OPTOELECTRO: 518B 19-NONLINEAR: 518C
CHAIR: Dan-Xia Xu CHAIR: ksenia Dolgaleva CHAIR: François Blanchard

08:00 
- 

08:25

Nonlinear parity-time Bragg 
grating

(DESIGN.29.17.1)
Sendy Phang

08:00 
- 

08:25

Optical Parametric Oscilla-
tors: New Frontiers

(OPTO.29.18.1)
Majid Ebrahim-Zadeh

08:00 
- 

08:25

Non-linear terahertz response 
of carriers in low dimensional 
semiconductors

(NONLINEAR.29.19.1)
Koichiro Tanaka

08:25 
- 

08:50

Subwavelength grating 
structures for silicon pho-
tonic devices

(DESIGN.29.17.2)
Jens Schmid, Pavel Cheben, 
Jean  Lapointe, Dan-Xia Xu, 
Siegfried  Janz, Martin Va-
chon, Shurui Wang, Przemek  
Bock, Daniel Benedikovic, 
Robert Halir, Alejandro 
Ortega-Monux, Carlos Alonso 
RamosGonzalo Wanguemert 
Perez, Inigo Molina Fernan-
dez

08:25 
- 

08:50

Measurement of chirp in 
mode-locked diode lasers

(OPTO.29.18.2)
Catrina Coleman, Pitor Sto-
larz, Gabor Mezosi, Michael 
Strain, Marc Sorel

08:25 
- 

08:50

08:50 
- 

09:05

Measuring the group delay 
of fibre Bragg grating 
resonances: The Hilbert 
transform method versus 
interferometry

(DESIGN.29.17.3)
Marie-Claude Dicaire, Jeremy 
Upham, Israel De Leon, Se-
bastian Schulz, Robert Boyd

08:50 
- 

09:05

Ultra-broad band radio 
frequency noise analysis on 
a chip

(OPTO.29.18.3)
Marcello Ferrera, Christian  
Reimer, Alessia Pasquazi, 
Marco Peccianti, Matteo 
Clerici, Lucia Caspani, Sai 
Chu, Brent Little, Roberto 
Morandotti, Dave Moss

08:50 
- 

09:05

Terahertz Field Induced 
Second Harmonic Coherent 
Detection Scheme based on a 
Biased Nonlinear Micro-slit

(NONLINEAR.29.19.3)
Anna Mazhorova, Sze-Ping 
Ho, Matteo Clerici, Marco 
Peccianti, Alessia Pasquazi, 
Luca RazzariJalil Ali, Ro-
berto Morandotti

Thursday AM, May 29th

20-SENSOR: 519 21-MATERIALS: 521B
CHAIR: Al Meldrum CHAIR: Ozaki Tsuneyuki

Cary 
Gunn

Commercial Multiplexed Biosensor Platform 
based on Silicon Photonics Ring Resonators

(SENSORS.29.20.1)
Cary Gunn

08:00 
- 

08:25

High Performance Platforms for Integrated Non-
linear Optics

(MAT.29.21.1)
David Moss

08:25 
- 

08:50

Controlled analyte concentration and flow-
through transport using optofluidic nano-
structures

(SENSORS.29.20.2)
Carlos Escobedo

08:25 
- 

08:50

Antennas for Optical Wireless Systems
(MAT.29.21.2)

Hugo E. Hernandez-Figueroa, Lucas H. Gabrielli, 
Gilliard N. Malheiros-Silveira

08:50 
- 

09:05

Controlled analyte concentration and flow-
through transport using optofluidic nano-
structures

(SENSORS.29.20.3)
Feng Zhou, Ulrich Krull

08:50 
- 

09:05

Chemical Vapor Deposition of Ultrathin Gold 
Films on Optical Fibers: Real-time Optical Moni-
toring of Film Growth by a Tilted Fiber Bragg 
Grating 

(MAT.29.21.3)
David  Mandia, Wenjun Zhou, Matthew  Ward, 
Howie Joress, Peter  Gordon, Jacques Albert, 
Seán Barry
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Thursday AM, May 29th

17-THEORy: 518A 18-OPTOELECTRO: 518B 19-NONLINEAR: 518C
CHAIR: Dan-Xia Xu CHAIR: ksenia Dolgaleva CHAIR: François Blanchard

09:05 
- 

09:30

Subwavelength gratings for 
sensing and polarization 
management

(DESIGN.29.17.4)
J. Gonzalo Wangüemert-
Pérez, Pavel Cheben, Alejan-
dro Ortega-Moñux, Carlos 
Alonso-Ramos, Diego Pérez-
Galacho, Robert HalirIñigo 
Molina-Fernández, Dan-Xia 
Xu, Jens H. Schmid

09:05 
- 

09:20

Challenge of Inhomogeneous 
Waveguides Analysis

(OPTO.29.18.4)
Tatjana Gric, Mohamed El-
dlio, Michael Cada 09:05 

- 
09:20

Nonlinear Terahertz Trans-
mission through Photoexcited 
Graphene

(NONLINEAR.29.19.4)
Hassan Hafez, Ibraheem  Al-
Naib, Marc Dignam, Yoshiaki 
Sekine, Katsuya Oguri, Akram 
Ibrahim, Satoru Tanaka, Fu-
mio Komori, Hiroki Hibino, 
Tsuneyuki Ozaki

09:20 
- 

09:35

Optical Properties of CBN 
Thin Film Waveguide Struc-
tures 

(OPTO.29.18.5)
Nadir Hossain, Sébastien Vi-
gne, Faezeh Fesharaki, Sébas-
tien Delprat, Ke Wu, Joëlle 
Margot, Mohamed Chaker

09:20 
- 

09:35

Grating-patterned Sub-wave-
length Terahertz Beam Char-
acterization via an All-optical 
knife-edge Technique 

(NONLINEAR.29.19.5)
Marco Peccianti, Sze Phing 
Ho, Anna Mazhorova, Mostafa 
Shalaby, Matteo Clerici, Alessia 
Pasquazi, Yavuz Ozturk, Jalil 
Ali, Roberto Morandotti

09:30 
- 

10:00

Simple full-vectorial com-
plex mode solver for wave-
guides with cylindrical or 
elliptical symmetry

(DESIGN.29.17.5)
Aliaksandr Bialiayeu, Jacques 
Albert

09:35 
- 

09:50

Nanometer-thick flat lens 
with adjustable focus

(OPTO.29.18.6)
Alain Hache, Tran  Vinh Son-
Cheikhou Ba, Real Vallee

09:35 
- 

10:00

Taming strong ultrashort 
laser and THz fields

(NONLINEAR.29.19.6)
Stelios Tzortzakis

09:50 
- 

10:00

Analysis of Optical Mode 
Conversion in Tapered 
Waveguides

(OPTO.29.18.7)
Alexandre Horth, Raman 
Kashyap, Nathaniel J. Quito-
riano

10:00
 -

10:30
COFFEE BREAk - Exhibition Room 520

Thursday AM, May 29th

20-SENSOR: 519 21-MATERIALS: 521B
CHAIR: Al Meldrum CHAIR: Ozaki Tsuneyuki

09:05 
- 

09:20

Detection of Prostate Cancer Biomarker in 
Crude Serum by SPR

(SENSORS.29.20.4)
Julien Breault-Turcot, Hugo-Pierre Poirier Rich-
ard, Jean-Francois Masson 09:05 

- 
09:20

Advanced Silicon Photonics Components for 
Short Reach Optical Interconnects

(MAT.29.21.4)
Qiuhang Zhong, David Patel, Alireza Samani, Ven-
kat Veerasubramanian, Samir Ghosh, Wei Shi, Yun 
Wang, Lukas Chrostowski, David Plant

09:20 
- 

09:35

Development of a Long-Gauge Distributed 
Vibration Sensor

(SENSORS.29.20.5)
Peter Kung, Maria Cominici

09:20 
- 

09:35

Reduction in the Photoluminescence Quenching 
for Erbium-Doped Amorphous Carbon Photonic 
Materials by Deuteration and Fluorination

(MAT.29.21.5)
Hui-Lin  Hsu, Keith  Leong, I-Ju  Teng Michael  
Halamicek Yujin  Kim, Jenh-Yih Juang, Sheng-Rui  
Jian, Li  Qian Nazir  Kherani 

09:35 
- 

10:00

Fiber optic sensing with fiber lasers
(SENSORS.29.20.6)

Lawrence Chen, Hans-Peter Loock, Xijia Gu, 
Peter Kung, Mohammed Saad

09:35 
- 

10:00

Large Area Printed Three-Dimensional Optical 
Metamaterials

(MAT.29.21.6)
Debashis Chanda

10:00
 -

10:30
COFFEE BREAk - Exhibition Room 520
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Room 519
10:30

 -
11:15

Plenary lecture 3 (PLEN.29.22)
Physics and Applications of Airy Beams and other Optical Accelerating Waves
Demetrios Christodoulides

11:15
 -

12:00

Plenary lecture 4 (PLEN.29.23)
Broadband Terahertz Technology and Ultrafast Quantum Phenomena
Alfred Leitenstorfer

10:00
 -

10:30
LUNCH - Exhibition Room (Included)

Thursday PM, May 29th

24-THEORy: 518A 25-GREEN: 518B 26-NONLINEAR: 518C
CHAIR: Henri Benisty CHAIR: Giovanni Fanchini CHAIR: Pablo Bianucci

01:15 
- 

01:40

Computational Methods 
and Material Models for 
Nano-Plasmonics

(DESIGN.29.24.1)
Kurt Busch 01:15 

- 
01:40

High Efficiency Photovolta-
ics

(GREEN.29.25.1)
Rafael Kleiman

01:15 
- 

01:40

Control of light-matter inter-
action using organic-inorgan-
ic hybrid excitons 

(NONLINEAR.29.26.1)
Vinod Menon, Michael 
Slootsky, Xiaoze Liu, Yifan 
Zhang, Stephen Forrest

01:40 
- 

02:05

Quasimodes and Purcell fac-
tors for leaky optical cavi-
ties and plasmonic nanores-
onators 

(DESIGN.29.24.2)
Stephen Hughes, Rongchun 
Ge, Philip Trøst Kristensen, 
Jeff Y. Young

01:40 
- 

02:05

Near-infrared-Responsive 
Solar Cells based on Semi-
conductor and Plasmonic 
Nanostructures

(GREEN.29.25.2)
Dongling Ma

01:40 
- 

02:05

Multimaterial Fiber Nano-
manufacturing: from Photo-
detectors to Nonlinear Light 
Sources

(NONLINEAR.29.26.2)
Cesare Soci, Behrad Gholi-
pour, Venkatram Nalla, Paul 
Bastock, Khouler Khan, 
Chris Craig, Dan Hewak, 
Nikolay Zheludev, Duc Minh 
Nguyen, Cui Long

02:05 
- 

02:30

Eigenmode Expansion vs 
Finite Difference Time Do-
main: Which is Better?

(DESIGN.29.24.3)
Amy Liu, James Pond, Adam 
Reid 02:05 

- 
02:30

Thermal conduction control 
by phonon-band engineering 
and application to thermo-
electrics

(GREEN.29.25.3)
Masahiro Nomura 02:05 

- 
02:30

Multiphoton methods in fab-
rication and imaging towards 
high sensitivity label-free 
detection in biology

(NONLINEAR.29.26.3)
Carlo Liberale

Room 519
10:30

 -
11:15

Plenary lecture 3 (PLEN.29.22)
Physics and Applications of Airy Beams and other Optical Accelerating Waves
Demetrios Christodoulides

11:15
 -

12:00

Plenary lecture 4 (PLEN.29.23)
Broadband Terahertz Technology and Ultrafast Quantum Phenomena
Alfred Leitenstorfer

10:00
 -

10:30
LUNCH - Exhibition Room (Included)

Thursday PM, May 29th

27-SENSORS: 519 28-MATERIALS: 521B
CHAIR: Siegfried Janz CHAIR: Peter Herman

01:15 
- 

01:40

Whispering Gallery Microcavity Sensing
(SENSORS.29.27.1)

Tao Lu

01:15 
- 

01:40

Laser Direct Writing of Graphene Patterns on 
Glasses under Ambient Condition

(MAT.29.28.1)
Yongfeng Lu, W. Xiong, W.J. Hou, L.J. Jiang, J.F. 
Silvain, L. Jiang, Y.S. Zhou

01:40 
- 

02:05

Optimally combining wavelength and quality 
factor information for sensing in whispering 
gallery mode optical microcavities

(SENSORS.29.27.2)
Andrew Kirk, M. Imran Cheema

01:40 
- 

02:05

Femtosecond laser micromachining for the real-
ization of fully integrated photonic and micro-
fluidic devices

(MAT.29.28.2)
Roberta Ramponi

02:05 
- 

02:20

A portable photonic sensor to identify organic 
chemicals in water

(SENSORS.29.27.3)
Eric Morris, Bryan  DangDongxin Hu, Chuhong 
Fei, George Lampropoulos

02:05 
- 

02:30

Femtosecond Laser Microfabrication in Special 
Polymers

(MAT.29.28.3)
Cleber Mendonca, Vinicius Tribuzi, Adriano 
Otuka, Carla Fontana, Daniel Correa

02:20 
- 

02:35

Interferometric Refractometer Analysis of Sol-
vent Uptake within Thin-Films

(SENSORS.29.27.4)
Hans-Peter Loock, John E. Saunders, Weijian 
Chen, Hao Chen, McGregor Clayton, Chris Brauer, 
Scott S.-H. Yam, Jack A. Barnes

02:30 
- 

02:45

Femtosecond Laser induced blackening in Poly-
mers 

(MAT.29.28.4)
Ali Alshehri, Serge Desgreniers, Ravi Bhardwaj
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02:30 
- 

02:45

Spoof Plasmons in Real 
Metals With the Arbitrary 
Shape of Perforation

(DESIGN.29.24.4)
Tatjana Gric, Marek Wartak, 
Michael Cada

02:30 
- 

02:45

Investigation of aluminium 
and silver nanocubes for 
plasmonic enhancement of 
amorphous silicon solar cells

(GREEN.29.25.4)
Ryan Veenkamp, Winnie Ye

02:30 
- 

02:45

Tunable Raman Soliton Self-
Frequency Shift via an Asym-
metric Airy Pulse

(NONLINEAR.29.26.4)
Yi Hu, Amirhossein Tehranchi, 
Stefan Wabnitz, Zhigang Chen, 
Raman Kashyap, Roberto Mo-
randotti

02:45 
- 

03:10

High Q, Small Mode Volume 
Microcavities in Solvent-
Immersed SOI Photonic 
Circuits: Design and Appli-
cations

(DESIGN.29.24.5)
Jeff Young, Hamed Mirsade-
ghi

02:45 
- 

03:10

Nanoplasmonic Approaches 
to Enhanced Light-Matter 
Interaction with Harvesting 
Applications

(GREEN.29.25.5)
Reuven Gordon

02:45 
- 

03:10

Exciton-polariton dynam-
ics in organic-semiconductor 
Fabry-Perot microcavities 
probed by multidimensional 
coherent spectroscopy

(NONLINEAR.29.26.5)
Carlos Silva

03:10
 -

03:40
COFFEE BREAk - Exhibition Room 520

Thursday PM, May 29th

29-THEORy: 518A 30-GREEN: 518B 31-NONLINEAR: 518C
CHAIR: Marc Dignam CHAIR:F. Vetrone/Ququan Qiao CHAIR: Paul Barclay

03:40 
- 

04:05

Silicon photonics: Designing 
for products

(DESIGN.29.29.1)
Yves Painchaud, Michel Pou-
lin, François Pelletier, Chris-
tine Latrasse, Jean-Frédéric  
Gagné, Simon Savard, Guil-
laume Robidoux, Marie-Josée 
Picard, Stéphane Paquet, 
Charles-André Davidson, 
Martin Pelletier, Michel Cyr, 
Carl Paquet, Martin Guy

03:40 
- 

04:05

Towards Electrolyte Gated 
Organic Light Emitting 
Transistors: Sub-1 V Poly-
mer Transistors with High-
Surface Area Carbon Gate 
Electrodes

(GREEN.29.30.1)
Clara Santato

03:40 
- 

04:05

Measuring the temporal wave 
function of a photon

(NONLINEAR.29.31.1)
Alexander Lvovsky, Adarsh 
PrasadZ,hongzhong Qin, Travis 
Brannan, Andrew MacRae, 
Arturo Lezama

04:05 
- 

04:30

Optimization of SOI thick-
ness for silicon photonics 
integration

(DESIGN.29.29.2)
Dan-Xia Xu, Jens H. Schmid, 
David J. Thomson, Graham T. 
Reed, Goran Z. Mashanovich, 
Milos Nedeljkovic, Xia Chen, 
Dries Van Thourhout, Shah-
ram Keyvaninia, Shankar K. 
Selvaraja

04:05 
- 

04:30

Hybrid Blue Organic Light 
Emitting Diodes with Best 
Combination of Fluorescent 
and Phosphorescent Emit-
ting Layer along with Inter-
layer

(GREEN.29.30.2)
Bo Mi Lee, Seung Il Yoo, 
Jin Sung Kang, Ju An Yoon, 
Woo Young Kim, Peter 
Mascher

04:05 
- 

04:30

Molecular Photons Interfaced 
with Alkali Atoms

(NONLINEAR.29.31.2)
Ilja Gehardt

02:35 
- 

02:50

Recycling Gold Nanohole Arrays
(SENSORS.29.27.5)

Donna Hohertz, Sean Romanuik, Bonnie Gray, 
Karen Kavanagh 02:45 

- 
03:00

Spectral and polarization study of self-orga-
nized cholesteric oligomers

(MAT.29.28.5)
Karen Allahverdyan, Gonzague  Agez, Michel 
Mitov, Tigran Galstian, Karen Allahverdyan

02:50 
- 

03:10

Femtosecond laser induced fibre Bragg gratings 
for harsh environment sensing applications

(SENSORS.29.27.6)
Steven Mihailov, D. Grobnic, R.B. Walker, P. Lu, 
H. Ding

03:00 
- 

03:10

Growth and optimization of CBN thin films by 
various deposition techniques 

(MAT.29.28.6)
Sebastien Vigne, Nadir Hosain, Faezeh Fesharaki, 
Ke Wu, Joëlle Margot, Mohamed Chaker

03:10
 -

03:40
COFFEE BREAk - Exhibition Room 520

Thursday PM, May 29th

32-SENSORS: 519 33-OPTICAL COMM: 521B
CHAIR: Denis Morris CHAIR: David Moss

03:40 
- 

04:05

Plasmonic Biosensors for Medical Diagnostics 
and Food Safety

(SENSORS.29.32.1)
Jiri Homola

03:40 
- 

04:05

Multi-mode spectral pulse shaping and wave-
length switching for telecom and beyond

(OP-COMM.29.33.1
Jochen Schröder, Joel Carpenter, Benjamin J. 
Eggleton

04:05 
- 

04:30

Strategies for leukemia detection using long-
range surface plasmon-polaritons

(SENSORS.29.32.2)
Pierre Berini, Oleksiy Krupin, Chen Wang

04:05 
- 

04:30

Harnessing lateral leakage radiation from shal-
low ridge silicon photonic waveguides for long 
range cross chip communications

(OP-COMM.29.33.2)
Arnan Mitchell, Anthony Hope, Andrew 
Greentree, Thach Nguyen
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Thursday PM, May 29th

29-THEORy: 518A 30-GREEN: 518B 31-NONLINEAR: 518C
CHAIR: Marc Dignam CHAIR:F. Vetrone/Ququan Qiao CHAIR: Paul Barclay

04:30 
- 

04:55

Robust silicon waveguide 
polarization rotator with an 
amorphous silicon overlayer

(DESIGN.29.29.3)
Winnie Ye

04:30 
- 

04:55

Studying the optical proper-
ties of graphene composites 
and other 2D materials

(GREEN.29.30.3)
Daniel Chua

04:30 
- 

04:55

Quantum cryptography: 
implementations and practi-
cal security

(NONLINEAR.29.31.3)
Vadim Makarov

04:55 
- 

05:20

Polarization management 
for coherent optical receiv-
ers

(DESIGN.29.29.4)
Robert Halir, Alejandro 
Ortega-Moñux, Diego Pérez-
Galacho, Carlos Alonso-
Ramos, Ruiyong  Zhang, 
Pedro Reyes-Iglesias, Sebas-
tian Romero-García, Rafael 
Godoy-Rubio, Juan Gonzalo 
Wangüemert-Pérez, Íñigo 
Molina-Fernández, Patrick 
Runge

04:55 
- 

05:10

Scanning near-field optical 
study of graphene lay-
ers decorated with copper 
nanoparticles for trans-
parent thin film solar cell 
electrodes

(GREEN.29.30.4)
Sabastine C Ezugwu, Faranak 
Sharifi, Giovanni Fanchini

04:55 
- 

05:10

Spatially single-mode source 
of bright squeezed vacuum

(NONLINEAR.29.31.4)
Samuel Lemieux, Angela 
Pérez, Timur Iskhakov, Polina 
Sharapova, Olga Tikhonova, 
Robert Boyd, Maria Chekhova, 
Gerd  Leuchs

05:10 
- 

05:25

Tessellated gold nano-
structures from 
Au144(SCH2CH2Ph)60 
molecular precursors and 
their use in organic solar cell 
enhancement

(GREEN.29.30.5)
Reg Bauld, Giovanni Fanchini

05:10 
- 

05:25

Photon number discrimina-
tion with Bayesian analysis

(NONLINEAR.29.31.5)
Akbar Safari, Filippo Miatto, 
Robert W. Boyd

05:20 
- 

06:20

Accurate Theoretical and 
Experimental Character-
ization of Optical Grating 
Coupler

(DESIGN.29.29.5)
Faezeh Fesharaki, Nadir Hos-
sain, Sebastien Vigne, Keven 
Bédard, Boris Le Drogoff, 
Sophie Larochelle, Mohamed 
Chaker, Ke Wu

05:25 
- 

05:50

Colloidal and non-colloidal 
quantum dots for light 
harvesting in excitonic solar 
cells

(GREEN.29.30.6)
Alberto Vomiero

05:25 
- 

06:20

An Integrated Processor for 
Photonic Quantum States 
Using a Broadband Light-
Matter Interface

(NONLINEAR.29.31.6)
Erhan Saglamyurek, Neil  Sin-
clair, Joshua A. Slater, Khabat 
Heshami, Daniel Oblak, Wolf-
gang Tittel

05:50
- 

06:20

Porous Nanowire-Graphene 
Assemblies for Dye-Sensi-
tized Solar Cells

(GREEN.29.30.7)
Paul Charpentier

18:30 COCkTAIL - Poster Session - Exhibition Room 

Thursday PM, May 29th

32-SENSORS: 519 33-OPTICAL COMM: 521B
CHAIR: Denis Morris CHAIR: David Moss

04:30 
- 

04:55

Application of GaAs/AlGaAs heterostructures 
for photonic detection of bacteria in a water 
environment

(SENSORS.29.32.3)
Jan J Dubowski

04:30 
- 

04:55

Nonlinear Integrated Microwave Photonics
(OP-COMM.29.33.3)

David Marpaung, Benjamin J. Eggleton

04:55 
- 

05:10

In vivo Four-Wave Mixing Microscopies of Ca-
rotenoids in Microalgae

(SENSORS.29.32.4)
Aron Barlow, Aaron Slepkov, Andrew Ridsdale,  
Patrick McGinn, Albert Stolow

04:55
- 

05:10

Long Haul and High Speed Optical Networks 
using Dual Polarization 2-band OFDM CS-
NRZ-DQPSk signal 

(OP-COMM.29.33.4)
Sina Fazel, Mounia Lourdiane, Catherine Lepers

05:10 
- 

05:25

Optimization of Visible Diffraction in Tilted 
Fibre Bragg Gratings

(SENSORS.29.32.5)
Milad Abou Dakka 05:10 

- 
05:25

An Efficient Scheme of SSFM for Fiber-optic 
Communication Systems

(OP-COMM.29.33.5)
Jing  Shao, Xiaojun  Liang, Shiva Kumar

05:25 
- 

05:40

Analysis of Mode Transitions in a Long-Period 
Fiber Grating with a Nano-Overlay of Diamond-
Like Carbon

(SENSORS.29.32.6)
Daniel Brabant, Marcin Koba, Mateusz Smietana, 
Wojteck J. Bock

05:25
- 

05:40

Flexible Grid Spacing using Nyquist Shaped 
Channels for Undersea Transmission

(OP-COMM.29.33.6)
Priyanth Mehta, Jamie Gaudette

05:40 
- 

05:55

Silicon Photonics Characterization Platform for 
Gyroscopic Devices

(SENSORS.29.32.7)
Miguel Angel Guillen-Torres, Maan Almarghalani, 
Elie H. Sarraf, Nicolas A. F. Jaeger, Edmond Cretu, 
Lukas Chrostowski

05:40
- 

05:55

05:55
- 

06:20

Chemical and bio sensing with 2-dimensional 
terahertz near-field imaging

(SENSORS.29.32.8)
François Blanchard, Kenji Sumida, Christian 
Wolpert, Tomoko Tanaka, Atsushi Doi, Susumu 
Kitagawa, David G. Cooke, Shuhei Furukawa, 
Koichiro Tanaka

05:55
- 

06:20

Generation and detection of Laguerre-Gauss 
modes using spatial light Modulators and an ap-
plication to photonic state tomography

(OP-COMM.29.33.8)
Ebrahim Karimi

18:30 COCkTAIL - Poster Session - Exhibition Room 
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Friday AM, May 30th

34-HIGH POWER: 518A 35-GREEN: 518B 36-NONLINEAR: 518C
CHAIR: Donna Strickland CHAIR:Winnie ye CHAIR:Jeff young

08:00 
- 

08:15

Temperature Effects on the 
Terahertz Transmission 
through Photoexcited Gra-
phene

(HIGHPOWER.30.34.1)
Hassan Hafez, Ibraheem  Al-
Naib, Satoru Tanaka, Fumio 
Komori, Hiroki Hibino, 
Tsuneyuki Ozaki, Marc Dig-
namYoshiaki Sekine, Katsuya 
Oguri, Akram Ibrahim 08:00 

- 
08:40

CuInS2-based semiconductor 
electrodes for the develop-
ment of homojunction solar 
cells

(GREEN.30.35.1)
Benoit Marsan, Mary Hanna, 
Antoine Bolduc, Jonathan 
Sayago, Clara Santato, Ricardo 
Izquierdo

08:00 
- 

08:15

Generation of Entangled 
photons in QPM AlGaAs 
Waveguides

(NONLINEAR.30.36.1)
Peyman Sarrafi, Eric Zhu, 
Barry Holmes, David Hutch-
ing, Stewart Aitchison, Li 
Qian

08:15 
- 

08:40

Extreme nonlinear THz op-
tics of metals

(HIGHPOWER.30.34.2)
Peter Jepsen

08:15 
- 

08:40

Nanophotonic optomechan-
ics and quantum optics in 
diamond

(NONLINEAR.30.36.2)
Paul Barclay

08:40 
- 

09:05

Time-resolved Multi-THz 
Spectroscopy of Colloidal 
Nanorods

(HIGHPOWER.30.34.3)
David Cooke, Peter Jepsen, 
Jun Yan Lek, Yeng Ming Lam, 
Fredrik Sy, Marc Digman

08:40 
- 

09:05

Recent advances in Colloidal 
Quantum Dot Photovoltaics

(GREEN.30.35.2)
Michael Adachi, Ted Sargent

08:40 
- 

09:05

Single-photon nonlinear 
optics in passive photonic 
integrated circuits

(NONLINEAR.30.36.3)
Dario Gerace

09:05 
- 

09:30

Fiber laser pumping of yb-
doped materials: a road to 
high power sub 50 fs oscilla-
tors and high-gain amplifiers

(HIGHPOWER.30.34.4)
Eric Cormier 09:05 

- 
09:30

Lightweight Amorphous Sili-
con Photovoltaic Modules on 
Flexible Plastic Substrate 

(GREEN.30.35.3)
Andrei Sazonov 09:05 

- 
09:30

Integrated laser-written 
photonic quantum circuits

(NONLINEAR.30.36.4)
René Heilmann, Markus 
Gräfe, Stefan Nolte, Alexan-
der Szameit

Friday AM, May 30th

37-SENSORS: 519 38-OPTICAL COMM: 521B 39-COMMERCIAL: Exhibition
CHAIR: Al Meldrum CHAIR:Raman kashyap CHAIR: Peter kung

08:00 
- 

08:15

Novel Diagnostic and Thera-
peutic Applications of Laser 
Diodes, LEDs and OLEDs in 
Total Jaundice Management 

(SENSORS.30.37.1)
Mostafa Hamza, Moham-
mad H.Sayed El-Ahl, Ahmad 
M.Hamza, Aya M.Hamza, 
Yahya M.Hamza

08:00 
- 

08:15

Investigation of a hybrid 
optical-electronic switch 
supporting different service 
classes

(OP-COMM.30.38.1)
Wiem Samoud, Cédric Ware, 
Mounia Lourdiane

08:00 
- 

08:15

Photonics Commercializa-
tion the Canadian Model

(COMM.30.60.1)
Peter Kung

08:15 
- 

08:40

Impact of the pulse shape on 
nanosecond laser-triggered 
microcavitation around 
micrometer-sized melanin 
granules and associated laser 
safety considerations.

(SENSORS.30.37.2)
Pascal Deladurantaye, Yves 
Taillon, Ozzy Mermut, Patrick 
J. Rochette

08:15 
- 

08:30

High Performance InAs/InP 
Quantum Dot Mode-Locked 
Lasers

(OP-COMM.30.38.2)
Zhenguo Lu, Jiaren Liu, Pedro 
Barrios, Philip Poole, Daniel 
Poitras, Chunying Song, Linda 
Mao, John  Weber, Heping 
Ding, Shoude Chang, Costel 
Flueraru, Penghui Ma, Sieg-
fried Janz

08:15 
- 

08:40

The Photonic Guitar: Up to 
Here

(COMM.30.60.2)
Hans-Peter Loock

08:40 
- 

09:05

Single-Scattering Optical 
Projection Tomography Ap-
plied to Heart Injury Lesions 
in Rats

(SENSORS.30.37.3)
Frédéric Lesage, Simon Val-
lières, Baoqiang Li

08:30 
- 

08:45

Tunable optical filters based 
on photonic Hilbert transfor-
mation

(OP-COMM.30.38.3)
Hamed Pishvaibazargani, 
Maria Del Rosario Fernandez 
Ruiz, Jose Azana

08:40 
- 

09:05

How partnership programs 
have enabled research and 
development:  an example of 
a successful university-indus-
try partnership/collaboration

(COMM.30.60.3)
Lawrence Chen, Peter Kung

09:05 
- 

09:30

Biomedical Applications with 
Nanophotonic OCT

(SENSORS.30.37.4)
Arsen R. Hajian

08:45 
- 

09:10

Microresonator-Based Para-
metric Frequency Combs 

(OP-COMM.30.38.4)
Yoshitomo Okawachi

09:05 
- 

09:30

Reflex: A Start-Up’s Post-
Bubble Journey

(COMM.30.60.4)
David Rolston
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Friday AM, May 30th

34-HIGH POWER: 518A 35-GREEN: 518B 36-NONLINEAR: 518C
CHAIR: Donna Strickland CHAIR:Winnie ye CHAIR:Jeff young

09:30 
- 

09:45

Ultra-broadband Terahertz 
Modulation Using Electri-
cally Gated Graphene

(HIGHPOWER.30.34.5)
Wayne Yang, David Valverde 
Chavez, Hadi Razavipour, Eric 
Whiteway, Francois Blanchard, 
Michael Hilke, David Cooke

09:30 
- 

09:55

High Efficiency Multi-Junc-
tion Solar Cell Designs and 
their Integration in High 
Concentration Solar Systems

(GREEN.30.35.4)
Karin Hinzer, Matthew M. 
Wilkins, Anna H. Trojanr, 
Pratibha  Sharma, Christo-
pher E.  Valdivia, John P. D.  
Cook, Joan E. Haysom, Henry 
Schriemer, Alex W. Walker

09:30 
- 

09:45

Multiplexed Heralded Pho-
ton Source on a Chip

(NONLINEAR.30.36.5)
Lucia Caspani, Christian 
Reimer, Matteo Clerici, 
Marcello Ferrera, Michael 
Kues, Marco Peccianti, Ales-
sia Pasquazi, Luca Razzari, 
Brent E. Little, Sai T. Chu, 
David J. Moss, Roberto 
Morandotti

09:45 
- 

10:00

An all-optical THz frequency-
selective modulator

(HIGHPOWER.30.34.6)
Lauren Gingras, Marcel Geor-
gin, David Cooke

09:55 
- 

10:15

Polymer Solar Cells
(GREEN.30.35.5)

Qiquan Qiao

09:45 
- 

10:00

Storage of Light in a Hol-
low-Core Photonic-Crystal 
Fibre

(NONLINEAR.30.36.6)
Michael Sprague

10:00 
- 

10:15

Active Terahertz Two-wire 
Waveguide 

(HIGHPOWER.30.34.7)
Manoj Mridha, Anna Mazhoro-
va, Matteo Clerici, Ibraheem 
Al-Naib, Maxime Daneau, 
Xavier Ropagnol, Marco 
Peccianti, Christian  Reimer, 
Marcello  Ferrera, Luca  Raz-
zari, François Vidal, Roberto 
Morandotti

10:00 
- 

10:15

10:15 
- 

10:45
COFFEE BREAk - Exhibition Room 520

Room 519

10:45 
- 

11:30

Plenary lecture 5 (PLEN.30.39)
The Converging Requirements and Commensurate Leveraging Opportunities of Long-Haul and Short Reach 
Fiber Optic Communications
David V. Plant

11:30 
- 

12:15

Plenary lecture 6 (PLEN.30.40)
The benefits of Genia-university collaborations on the development of Genia’s CARS and mid-IR swept-laser 
baser spectroscopy and imaging system
Alain Villeneuve

12:15 LUNCH - Exhibition Room (Included)

Friday AM, May 30th

37-SENSORS: 519 38-OPTICAL COMM: 521B 60-COMMERCIAL: Exhibition
CHAIR: Al Meldrum CHAIR:Raman kashyap CHAIR: Peter kung

09:30 
- 

09:45

Simultaneous and colocalized 
optical coherence tomog-
raphy and laser marking 
through double-clad fiber

(SENSORS.30.37.5)
Kathy Beaudette, Wendy-Julie 
Madore, Étienne de Montigny, 
Hyoung Won Baac, Martin Vil-
liger, Nicolas Godbout, Brett E. 
Bouma, Caroline Boudoux

09:10 
- 

09:35

Phase Sensitive Amplifiers in 
Fiber Optic Links

(OP-COMM.30.38.5)
Bill Corcoran, Samuel L.I. 
Olsson, Rohit Malik, Carl 
Lundstrom, Magnus Karlsson, 
Peter A. Andrekson

09:30 
- 

10:15

A high-speed quantum 
random number generator 
prototype

(COMM.30.60.5)
Feihu Xu, Bing Qi, He Xu, Ji-
ancheng Xuan, Xiongfeng Ma, 
Hoi-Kwong Lo, Li Qian

09:45 
- 

10:00

Correlated Determination of 
Ultrasmall Gold Nanoparticle 
Biodistribution by Photo-
acoustic and Fluorescence 
Imaging

(SENSORS.30.37.6)
Jay Nadeau, Andrew Heinmill-
er, Wilson Poon, Xuan Zhang

09:35 
- 

10:00

Polarization-insensitive All-
optical Data Transfer using 
Cross-Phase Modulation in 
a PCF

(OP-COMM.30.38.6)
Tanvir Mahmood, Brice 
Cannon, William Astar, Paul  
Boudra, Tinoosh  Mohsenin, 
Gary  Carter

10:00 
- 

10:15

Selective optoporation of 
human cancer stem cells 
targeted with functionalized 
gold nanoparticles enhancing 
femtosecond pulse irradiation

(SENSORS.30.37.7)
Eric Bergeron, Alexandre Tor-
res, Camille Rodriguez, Chris-
tos Boutopoulos, Jukka  Nis-
kanen, Jean-Jacques  Lebrun, 
Françoise M.  Winnik, Michel 
Meunier

10:00 
- 

10:15

Analysis of optical back 
propagation under non-ideal 
optical phase conjugation 
and amplifier noise

(OP-COMM.30.38.7)
Guanhui Wang, Mohammad 
Rezagholipour Dizaji, Law-
rence Chen

10:15 
- 

10:45
COFFEE BREAk - Exhibition Room 520

Room 519
10:45 

- 
11:30

Plenary lecture 5 (PLEN.30.39)
The Converging Requirements and Commensurate Leveraging Opportunities of Long-Haul and Short Reach 
Fiber Optic Communications
David V. Plant

11:30 
- 

12:15

Plenary lecture 6 (PLEN.30.40)
The benefits of Genia-university collaborations on the development of Genia’s CARS and mid-IR swept-laser 
baser spectroscopy and imaging system
Alain Villeneuve

12:15 LUNCH - Exhibition Room (Included) 520
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Friday PM, May 30th

41-HIGH POWER: 518A 61-COMMERCIAL:  518B 43-NONLINEAR: 518C
CHAIR: Donna Strickland CHAIR: Peter kung CHAIR: Dario Gerace

01:15 
- 

01:30

Ultrafast High Peak Power 
yb-ion Lasers: Going from 
kW to MW

(HIGHPOWER.30.41.1)
Haitao Zhao, Arkady Major 01:15 

- 
01:40

Wide Band Fiber Bragg 
Grating Accelerometer for 
Rotating AC Machinery Con-
dition Monitoring

(COMM.30.61.1)
Damian Vilchis-Rodriguez-
Sinisa DjurovicPeter Kung-
Maria ComaniciAlexander 
SmithKavul Tshiloz

01:30 
- 

01:45

High Power Continuous-
Wave Alexandrite Laser with 
Green Pump

(HIGHPOWER.30.41.2
Shirin Ghanbari, Arkady Major 01:40 

- 
02:05

Advanced Photonic Compo-
nents at the NRC: Driving 
Photonics into the Future  

(COMM.30.61.2)
Siegfried Janz

Localized Structures, Optical Vor-
tices and Extreme Events in Laser 
Dynamic

(NONLINEAR.30.43.1)
Jorge Tredicce, Cyrille Metayer, 
Arnaud Serres, Stephane Barland, 
Massimo  Giudici

01:45 
- 

02:00

Continuous wave multi-watt 
yb:kyW laser with highly 
efficient diode pumping

(HIGHPOWER.30.41.3)
Sujith Manjooran, Arkady 
Major

02:05 
- 

02:30

The success of PhoeniX Soft-
ware: risen from the the dot.
com bubble ashes

(COMM.30.61.3)
Twan Korthorst

Nonlinear optics in silicon fibre 
micro structures 

(NONLINEAR.30.43.2)
Anna Peacock

02:00 
- 

02:15

Dual-Wavelength CW Opera-
tions of a Nd:yVO4 Laser 
at 1064.1 & 1073.1 nm and 
1064.1 & 1085.3 nm wave-
lengths

(HIGHPOWER.30.41.4)
Tanant Waritanant, Arkady 
Major 02:30 

- 
03:00

Optical Response of Large-
Area Aluminum-Coated 
Nano-Bucket Arrays on Flex-
ible PET Substrates

(COMM.30.61.4)
Donna  HohertzYindar Chuo-
Badr OmraneClint Landrock-
Karen Kavanagh

Hunting Down Microscopic Cas-
caded Nonlinearity

(NONLINEAR.30.43.3)
Ksenia Dolgaleva, S. N. Volkov

02:15 
- 

03:00

MicPIC for first-principle 
analysis of light-matter inter-
actions in solids

(HIGHPOWER.30.41.5)
Charles Varin, Graeme Bart, 
Christian Peltz, Thomas Fen-
nel, Thomas Brabec

Selected Feedback Enhanced 
supercontinuum Generation with 
Low pump Power

(NONLINEAR.30.43.4)
Yuhua Li, Yuhua Li, Orly Yadid-
Pecht

END

Friday PM, May 30th

44-SENSORS: 519 45-OPTICAL COMM: 521B
CHAIR: Hans Peter Loock CHAIR:Raman kashyap

01:15 
- 

01:40

In Vivo Deep Tissue Multi-
photon Microscopy

(SENSORS.30.44.1)
Chris Xu

01:15 
- 

01:40

At the Cross-Roads of Effec-
tive Quantum Information 
Processing with Integrated 
Optical Gates

(OP-COMM.30.45.1)
Peter Smith, James C.Gates, 
Christopher  Holmes, Lewis 
Carpenter, Dmytro O. Kundys, 
Paolo L. Mennea, Matthew 
Posner

01:40 
- 

02:05

Modeling of microvascular 
hemodynamics from in situ 
two-photon fluorescence 
microscopy

(SENSORS.30.44.2)
Bojana Stefanovic, Liis Lind-
vere, Adrienne Dorr, Lynsie 
Thomason, Lak Chinta, James 
Mester, Illsung Lewis Joo, 
Joanne McLaurin, John G. Sled

01:40 
- 

01:55

An Analytical XPM Model 
for Dispersion-Managed 
Fiber-Optic Systems

(OP-COMM.30.45.2)
Xiaojun Liang, Shiva Kumar

02:05 
- 

02:30

Polarimetric imaging for 
molecular order character-
ization of myelin

(SENSORS.30.44.3)
Daniel Côté, Erik Bélanger, 
Raphael Turcotte, Yves De 
Koninck, Amy Daradich, Pierre 
Gravel

01:55 
- 

02:10

Comparisons of Frequency-
Domain LMS Equalizers for 
PMD Mitigation in Polariza-
tion-Multiplexed Coherent 
Fiber-Optic Systems

(OP-COMM.30.45.3)
Qiudi Ding, Xiaojun Liang, 
Shiva Kumar

02:30 
- 

02:45

Near-Infrared Spectroscopy 
of Image Clarity Perception 
in the Human Brain

(SENSORS.30.44.4)
J. Eduardo Lugo, Claudine 
Habak, Rafael Doti, Jocelyn 
Faubert

02:10 
- 

02:25

Optimization of phase mask 
fabrication for the produc-
tion of high performance 
fiber Bragg gratings

(OP-COMM.30.45.4)
Pierre Vinchon, Nadir Hossain, 
Boris Le Drogoff, Sebastien  
Delprat, Pin Long, José Azaña, 
Mohamed  Chaker

02:45 
- 

03:00

Photoacoustic imaging of an 
inflammatory lesion model in 
the neonatal rat brain

(SENSORS.30.44.5)   
Edgar Guevara, Romain Berti, 
Irène Londono, Ningshi Xie, 
Pierre Bellec, Frédéric Lesage  
and Gregory A. Lodygensky

02:25 
- 

03:00

Photonic Packet Switch Off-
load for Data Centers

(OP-COMM.30.45.5)
Hamid Mehrvar, Eric  Bernier, 
Dominic  Goodwill

END
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ORAL PRESENTATIONS

(PLEN.28.06)   Structure-based sub-wavelength imaging and super-resolution in time, frequency,  
and quantum systems.

Mordechai (Moti) Segev, Yonina Eldar and Oren Cohen
Technion – Israel Institute of Technology

The last few years have witnessed important breakthroughs on  developing concepts borrowed from information 
sciences for increasing  the resolution of measurement systems beyond their fundamental  physical limits. On the 
intuitive level, these concepts can be  employed wherever the information (image, spectrum, temporal shape of 
a pulse, or a quantum state) has structure, that is, the information  is not random. The talk will describe the basic 
concepts and provide  examples taken from imaging, spectroscopy, ultrashort pulses and quantum state tomography, 
with applications in various domains such as microscopy, microelectronics, biology, and quantum information.
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(PLEN.28.07)    Space and Photonics

Steve MacLean
INRS-EMT

In this talk we will take a look at the strategic plans of the major space agencies of the world including the Russian 
Space Agency, Roscosmos, the China National Space Administration (CNSA) and the National Aeronautics and 
Space Administration (NASA).

These plans have a significant influence on a number of services as satellites support global communications, and 
data from earth observation satellites enable applications such as weather and climate change monitoring, precision 
agriculture, and forest and water resource management. These satellites can support disaster recovery including oil 
spills, volcanic eruptions and fires around the world.  Satellite-aided search and rescue also plays a dominant role 
in this sector.  Clearly such an integrated approach across these service sectors can impact the health of the world 
economy.

When applicable these plans are coordinated internationally.  For example, in the area of disaster management, 
the world’s space agencies have developed an operational model for managing the international assets for disaster 
monitoring, management and risk mitigation.

The space exploration sector is quite interesting. All the major space agencies have visionary plans for the exploration 
of space, including human, robotic and scientific exploration beyond earth orbit.  These plans, which naturally 
include a focus on technology development, will be reviewed in detail.

The environment of space is demanding on technical instrumentation. The harsh vacuum, the large temperature 
swings, micrometeorites and ionizing radiation force robust and redundant instrumentation designs.
Instrumentation associated with Photonics is well suited to this environment and already plays a role. There is an 
opportunity to contribute even more. Given the content of these strategic plans a discussion will be initiated to 
explore what may be possible for the future of Photonics. 

(PLEN.29.22)   Physics and Applications of Airy Beams and other Optical Accelerating Waves 

Demetrios Christodoulides 
CREOL, College of Optics and Photonics, University of Central Florida, Orlando, Florida 32816-2700, USA

A few years ago, the concept of accelerating beams was first introduced in optics through a new class of diffraction-
free waves, the so-called Airy beams.  First conceived within the context of quantum mechanics, these self-similar 
Airy wavepackets are known to exhibit some very remarkable properties. Perhaps the most intriguing of these, is 
their very ability to freely accelerate. Interestingly, in optics, this latter property takes on a whole new meaning. It 
implies that the intensity features of such a beam can self-bend even in entirely homogeneous media like vacuum 
etc. In this case, an Airy beam can accelerate along a parabolic trajectory, very much like a projectile moving under 
the action of gravity. Over the last few years, optical Airy beams have found applications in many and diverse 
settings. These range from inducing curved plasma filaments in air and autofocusing collapse, to extending the 
supercontinuum generation in photonic crystal fibers and producing spatio-temporal light bullets that are impervious 
to both dispersion and diffraction effects. Along these lines, self-bending wavefronts have been successfully used 
in manipulating microparticles and quite recently in STORM microscopies and plasmonics. Lately, new families of 
non-paraxial accelerating waves have been obtained by considering vectorial solutions of the Helmholtz equation. 
In this case, Bessel accelerating waves were found to move along circular trajectories having a radius of only few 
wavelengths. Since then, other classes of non-paraxial accelerating wave-packets have also been suggested and 
successfully observed.

In this talk, we provide an overview of recent developments in this exciting and rapidly developing area.  
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(PLEN.29.23)   Broadband Terahertz Technology and Ultrafast Quantum Phenomena

Alfred Leitenstorfer
Department of Physics and Center for Applied Photonics, 

University of Konstanz, Germany

The science featured in this talk is enabled by direct measurements of the electric field amplitude of light with 
a bandwidth exceeding 100 THz, equivalent to the entire far- to mid- and even part of the near-infrared spectral 
range. Electro-optic sampling with sub-10-fs light pulses derived from ultrastable Er:fiber technology allows us to 
detect signal amplitudes down to 0.1 V/cm. On the other side, the capability now exists to generate phase-locked 
mid-infrared wave forms with peak fields up to 100 MV/cm. Front-end applications of this technology in solid-state 
physics and quantum optics are presented.

The first example originates from efforts to elucidate elementary coupling phenomena in complex quantum materials 
in order to understand their physical properties which are dominated by strong electronic correlations. An undoped 
sample of BaFe2As2 is studied, the parent compound of a class of high-temperature superconductors from the iron 
pnictide family. After impulsive excitation of a coherent phonon mode modulating the height of the As ions with 
respect to the Fe plains at a frequency as high as 5.5 THz, we see a periodic opening and closing of a mid-infrared 
energy gap associated to spin-density-wave ordering. This result gives clear evidence of an efficient spin-phonon 
coupling mechanism which might be a key ingredient for the robust binding of Cooper pairs in these compounds.
The last part of the talk will focus on the emerging field of time-domain quantum optics. Switching the intersubband 
absorption of GaAs/AlGaAs quantum wells placed in a waveguide microcavity on a sub-cycle time scale, we have 
been able to investigate light-matter coupling in the ultrastrong regime and under non-adiabatic conditions. A next 
step will be to detect the emission of a strongly squeezed photon field predicted for our arrangement by theoretical 
studies. To this end, the sensitivity and bandwidth of electro-optic sampling have to be maximized. Prospects of 
directly sensing the vacuum fluctuations of the electric field will be discussed together with first experimental 
evidence. In the conclusion, I will show how this research relates to industrial activities despite its fundamental 
character.

(PLEN.30.39)   The Converging Requirements and Commensurate Leveraging Opportunities of Long-Haul 
and Short Reach Fiber Optic Communications

David V. Plant
Department of Electrical and Computer Engineering

McGill University
Montreal, Quebec, Canada

H3A0E9

Demand for bandwidth and bit-rate in long-haul and short reach fiber optic communications systems continues to 
increase. In both arenas, 100G systems are now commercialized, and 400G and 1T systems are in development. 
There are significant differences which impact the characteristics of the channel in the two cases. For example a long 
haul 1000 km link will be highly dispersive while a short reach 2km or 10km will be dispersion free and essentially 
lossless. Common to both systems as bit rate and bandwidth grow is the need to use: a) digital signal processing; 
b) linear amplifiers; and c) digital-to-analog and analog-to-digital converters (DAC/ADC) on both the transmit and 
receive side of the link. We will explore transceiver architectures, enabling technologies, and commensurate leverage 
opportunities associated with what appears to be converging requirements. 
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(PLEN.30.40)   The benefits of Genia-university collaborations on the development of Genia’s CARS and 
mid-IR swept-laser baser spectroscopy and imaging system

Dr. Alain Villeneuve, Ph. D.
Genia Photonics

Genia Photonics brings new innovative laser-based technology to the industrial, defense and security, and biomedical 
fields. Genia’s proprietary, patented fiber laser technology enables faster chemically selective imaging and new 
diagnostic capabilities.  Its unique multi-functionality enables ultra-fast switching between imaging and diagnostics 
for example. Genia lasers are portable, and fully electronically controlled and programmable. Their ease of use and 
robustness will enable industrial and clinical deployment of advanced imaging and diagnostic technologies. 

Genia first developed the programmable laser, used for Optical Coherence Tomography (OCT) and Second Harmonic 
Generation (SHG). Genia also offers an amplifier chain in a Master-Oscillator Power Amplifier (MOPA) architecture 
that allows for high average power, adjustable pulse width covering the whole picosecond range, and also a wide 
range of repetition rates (100 kHz up to 200 MHz); its average power and peak power can reach up to 20 and 30 
kW respectively.  Each laser can be used separately but when the programmable laser and the MOPA are combined, 
the sum becomes the Synchronized Programmable laser platform, a system that can be used for CARS (Coherent 
Anti-Stokes Raman Scattering), SRS (Stimulated Raman Scattering) spectroscopy, and DFG (Difference Frequency 
Generation) for mid-infrared generation and linear spectroscopy.  OCT and SHG are used for structural imaging, 
while CARS and SRS are used for molecular identification and diagnostics. This system was selected as one of the 
SPIE Prism Awards finalist products in 2010. 

Genia lasers and systems have significantly matured over the last few years. To ensure Genia’s continual growth 
and success, the investigation and development of new applications are absolutely necessary. Based on many 
past successful collaborations with University researchers, we have found that development of new products is 
very closely related to well researched, planned and funded projects done in collaboration with our university and 
industrial partners. For example, entering the biomedical market with a novel laser system requires addressing a 
number of challenges, which can often be resolved with industry-university collaborations. 

The presentation will recount a history of successful collaborations with several Canadian universities by using the 
very efficient support from the Canadian and Quebec based granting agencies.  These collaborations were instrumental 
in the early development of Genia’s product as well as currently influencing the future product development.   

(COMM.30.60.1 )   Photonics Commercialization the Canadian Model

Peter Kung
 QPS Photronics Inc

Recently, David Krohn of Light wave Venture gave a comprehensive talk on Photonics Commercialization at the 
Photonics West in San Francisco.  It is such a complicated process that most small companies would have difficulty 
achieving it in Canada.  It is because Canada might have one of the best R&D assistance program in the world in 
the form of R&D Tax credits and has helped many small companies achieve world quality research. Unfortunately 
there has been few programs for commercialization. Canadian investment communities are very conservative, they 
will not invest in any technology companies that require large capital outlay doing next generation technology 
development which are also hard to understand. Instead, they opt for investment in social media companies where 
they envision a new star like Google, Twitter, and LinkedIn, requiring small starting investment: no more than a 
few computers and smart young people having good ideas. It is understandable, investors want to limit their risk but 
want to have a huge pay back.  Canadian companies must realize that Canada is no Silicon Valley and must pursue a 
different model. This paper will examine the process of change which QPS had gone through, trying to identify the 
target market where it fits and finally realize that one needs many partners to pursue the model described by David 
Krohn. Sure, mistakes were made many times, but since we started with a shoe string, we made small mistakes and  
recovered each time. We finally become clear on what will make QPS successful.

We are happy to state that after 25 years, Canad high tech industry is alive and well there are many programs that 
encourage industry/Universities interaction. A small company can only succeed through external partnership here in 
Canada. America has the SBIR STTR programs, and many venturing investors , the typical success story starts with 
large venture capital. This paper will explore a commercializing model here in Canad working with the Government, 
Universities , technical Colleges and OEM partners. 
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(COMM.30.60.2)    The Photonic Guitar: Up to Here 

Hans-Peter Loock
Department of Chemistry, Queen’s University, Canada

Fiber optic sensors based on Fiber Bragg Gratings (FBGs) have a long history as vibration and strain sensors and 
many commercial systems are now available. In FBG sensors and in many other fiber sensors – including those 
based on Brillouin scattering [1] – the information on the strain amplitude is encoded in the reflected (or transmitted) 
light intensity. In a field-deployed system this poses a problem, since light intensity can be affected by a variety or 
environmental parameters such as detector response, laser/light source intensity, coupling losses, fiber birefringence 
and polarization - all of which are unrelated to the response of the sensor. The noise problem is dramatically obvious 
when fiber strain sensors are used as pickups for string instruments [2, 3]. The human ear is very sensitive to 
waveform distortions in the acoustic frequency regime and an untrained student can readily discern different sources 
of intensity noise.

I present a fiber sensor that is based on a frequency shift measurement instead. A laser is tightly locked to a resonance 
of a Fiber Fabry-Perot Cavity (FFPC) and the strain information is obtained for the correction signal that is sent to 
the laser driver through a servo loop [4]. The Pound-Drever Hall frequency-lock provides for a much more robust 
sensor system, with a 55 dB signal-to-noise ratio and a linear response range that approaches the fracture limit of the 
silica fiber optic cable [5, 6]. The bandwidth is currently limited by the servo loop to 0-35 kHz, but may be increased.
While the use of the laser-locked FFPC sensor as a guitar pickup is a powerful demonstration of the technology, it 
may not be the most viable commercialization route. I will offer suggestions on alternative entries into a rather busy 
fiber optic sensing market.

[1]X. Y. Bao and L. A. C
hen, “Recent Progress in Brillouin Scattering Based Fiber Sensors,” Sensors, vol. 11, pp. 4152-4187, Apr 2011.
[2]H. P. Loock, et al., “Recording the sound of musical instruments with FBGs: the photonic pickup,” Applied Optics, vol. 48, 
pp. 2735-2741, 2009.
[3]N. Ballard, et al., “Musical instrument recordings made with a fiber Fabry-Perot cavity: photonic guitar pickup,” Applied 
Optics, vol. 49, pp. 2198-2203, 2010.
[4]G. Gagliardi, et al., “Probing the ultimate limit of fiber-optic strain sensing,” Science, vol. 330, pp. 1081-1084, 2010.
[5]J. A. Barnes, et al., “The Photonic Guitar Pick-up: Fiber Strain Sensors Find Applications in Music Recording,” IEEE 
Photonics Society News, vol. 27, pp. 19-23, 2013.
[6]S. Avino, et al., “Musical instrument pickup based on a laser locked to an optical fiber resonator,” Optics Express, vol. 19, 
pp. 25057-25065, Dec 2011.

(COMM.30.60.3)    How partnership programs have enabled research and development:  
an example of a successful university-industry partnership/collaboration 

Lawrence R. Chen
Dept. of Elec. and Comp. Eng., McGill University, Montreal, QC H3A 0E9

lawrence.chen@mcgill.ca 
Peter Kung

QPS Photronics, 217 St-Louis Ave., Montreal, QC H9R 5L7 

Over the past seven years, various partnership programs have nurtured a collaboration between researchers in the 
Department of Electrical and Computer Engineering at McGill University and QPS Photronics.  Grants from the 
Canadian Institute for Photonic Innovations Technology, Exploitation, and Networking program, the Natural Sciences 
and Engineering Research Council of Canada Collaborative Research and Development program, and the MITACS 
Accelerate program, have allowed us to explore and develop various fiber optic sensing solutions based on fiber 
Bragg gratings (FBGs) and fiber lasers for condition monitoring, especially in power transformers and generators.  
The partnership programs have allowed QPS Photronics to leverage their cash contributions to support research 
development activities by a 3:1 ratio.  This funding has provided support for 2 master’s students, 1 PhD student, and 
2 postdoctoral researchers.  Various technologies have been investigated and developed, including the following:  (1) 
an improved approach for interrogating FBG sensors with arrayed waveguide gratings using a laser configuration, 
(2) a new approach based on microwave photonics for FBG temperature sensing, (3) an all-fiber distributed Bragg 
reflector laser approach for detecting acoustic vibrations associated with electric discharge, and (4) the development 
of a novel FBG vibration sensor.  The research has resulted in the publication of 1 peer-reviewed journal paper as 
well as 5 papers presented at international conferences.  More importantly, the research has also contributed to the 
development of VibroFiberTM, a sensing solution currently offered by QPS Photronics.  Current work focuses on 
exploring further refinement to the VibroFiberTM sensor to enable enhanced functionality, e.g., distributed sensing 
capabilities.

In this presentation, we overview of some of the research and development highlights, and insight into our successful 
partnership.  We discuss how we managed expectations, created an environment that fostered innovation, and 
addressed an immediate industrial need (i.e., solution to a current industrial problem) while satisfying the need for 
students to contribute to forward looking research in a university environment.
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(COMM.30.60.4)   “Reflex: A Start-Up’s Post-Bubble Journey”

David Rolston
Reflex Photonics, Canada

Reflex Photonics started up 3 months after the biggest technology crash the stock market had ever seen at 
the end of 2001. While months before, investors were ready to put massive amounts of investment into a 
multitude of photonics and optics endeavors, Reflex found itself on the flip-side of an investor community 
completely adverse to even the word “photonics”.

Without fully realizing the gravity of the investment collapse, and with a healthy dose of young (somewhat 
ignorant) optimism, Reflex was born… And after a year and a half of trying to find investment, the trust 
and the commitment of a few very astute investors, along with copious amounts of diligence, frugality, 
commitment, perseverance, and much MUCH patience…  Reflex managed to slowly succeed in making a 
business and create value in the world of photonics.

This talk comes from the point of view of the founder and is a sincere and open account of the steps that 
were taken (planned and not-so-well planned) that brought the company to where it is today. This is a talk 
that highlights the challenges in technology, sales, financing, and management that all companies face in 
one way or another – but in a very personal and specific way. The talk shows the path of an entrepreneur-
in-training and the “baptism-of-fire” type of MBA training that an academic fresh from university received 
– without even planning it…

Reflex’s journey is far from over – and remains a “fragile” existence at the best of times, but shows a steady 
transition from “ideals and dreams” to “methodology and progress”. 

(COMM.30.60.5)   A high-speed quantum random number generator prototype

Feihu Xu1, Bing Qi2, He Xu1, Jiangcheng Xuan1, Xiongfeng Ma3, Hoi-Kwong Lo1, 4 and Li Qian1
1Department of Electrical & Computer Engineering, University of Toronto, Canada,

2 Quantum information Science group, Oak Ridge National Laboratory, USA,
3 Institute for Interdisciplinary Information Sciences, Tsinghua University, China,

4Department of Physics, University of Toronto, Canada,
Random numbers play a crucial role in a number of areas. While computer-generated pseudo- random numbers can 
be used for many applications, they remain fundamentally deterministic and thus experience various problems. To 
address this pseudo-random issue, the probabilistic characteristic of quantum physics offers a natural way to generate 
true randomness, i.e. quantum random number generator (QRNG). In the past decade, several QRNGs have been 
demonstrated in academic labs and (at least) three companies, namely idQuantique, Picoquant and Qutools, have 
started to sell commercial QRNG products. Unfortunately, due to the difficulties of measuring quantum effects in real 
set-up, most of current QRNGs are limited to low speed (below 100Mbits/s) and high cost.
Here, we experimentally demonstrate a QRNG at an ultrafast bit rate based on a novel approach – quantum phase 
noise of spontaneous-emission photons [1, 2]. In particular, we have developed a compact and cost-effective prototype 
[3], which can stably generate real-time quantum random numbers at a rate of 1 Gbits/s with excellent immunity to 
external perturbations.
The fundamental phase noise of a laser can be attributed to spontaneous emissions, which are quantum mechanical 
in nature. By operating the laser near its threshold, the quantum phase noise can be measured by a delayed self-
heterodyning system and the measurement data is ready to generate truly random numbers [1]. In 2010, our group 
proposed and built such a system in lab to realize a QRNG at the speed of 500 Mbits/s [1]. In early 2012, we 
substantially improved our previous work on both the hardware design and post-processing algorithm, and 
demonstrated an ultrafast QRNG over Gbits/s [2].
Recently, we have further improved our system [2] towards moving outside the physics laboratory. A robust and 
low-cost prototype generating real-time random bits has been developed in a standard 19” rack-mount enclosure 
(Fig. 1 attached) [3]. The source is a DFB diode laser, operated at a low intensity level. The diode output is fed into a 
compact and phase-stabilized Mach-Zehnder interferometer. The interfered signal is converted to an electrical signal 
by a photo- detector. Finally, a differential amplifier divides the electrical signal into two differential beams, which is 
further digitized by a comparator. The comparator is triggered a voltage-control oscillator. The temporal waveforms 
of the quantum phase noise and the random sequence output are shown in Fig. 2 (attached). To further improve the 
randomness quality, the random sequence is post-processed by an information-theoretically provable randomness 
extractor. The details can be seen in [3].
In summary, the simplicity and speed of our prototype show the feasibility of a robust, low-cost, and fast QRNG. It 
can be readily commercialized for practical applications.

[1] B. Qi et al, Opt. Letters, 35, 312, 2010. [2] F. Xu et al, Opt. Express, 20, 12366, 2012. [3] http://www.comm.utoronto.
ca/~hklo/QRNG
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(COMM.30.61.1)   Wide Band Fiber Bragg Grating Accelerometer for Rotating  
AC Machinery Condition Monitoring 

Damian S. Vilchis-Rodriguez1, Sinisa Djurovic1, Peter Kung 2, Maria I. Comanici2 and Alexander C. Smith 1

1School of Electrical and Electronic Engineering, The University of Manchester, UK,  
2 QPS Photronics, Pointe Claire, Canada

The inherent advantages of Fiber Bragg Grating (FBG) sensor design have resulted in an increased interest for the 
application of this technology in the industrial vibration and strain monitoring area. FBG based sensors exhibit EMI 
immunity and high electrical insulation, characteristics that make them attractive for use in wind turbine monitoring 
schemes. FBGs have already been shown to be an effective tool for the measurement of structural strain in wind 
turbine blades but have also been used for low frequency vibration monitoring in rotating AC machinery. The 
reported FBG accelerometer use in electrical machinery has been confined to a bandwidth of up to a few hundred 
Hertz, mostly due to restrictions in the frequency response imposed by the properties of the sensor package design. 
To achieve widespread adoption as a cost effective and robust replacement of piezoelectric (PE) accelerometers 
in machine monitoring, the frequency range of FBG accelerometers must be significantly increased. This work 
assesses the performance of a prototype FBG accelerometer design for wide band vibration monitoring and fault 
detection in wind turbine wound rotor induction generators (WRIGs). The FBG monitoring system consists of a 
VibroFiberTM accelerometer and an interrogator unit manufactured by QPS Photronics Inc. The sensor, initially 
designed for measurement of low frequency end winding vibration in large electrical generators, originally contains 
a fiber cavity embedded in a diving board structure formed by two layers of polyimide held together by silicone gel. 
Polyimide in tape form is easy to bend, and when applied to the diving board design will result in a relatively low 
resonant frequency of the sensor. In order to modify the sensor to a wide band design the diving board and the outer 
packaging material have been changed to polycarbonate. The increased rigidity of the polycarbonate sensor design 
yields an increase in resonance frequency, which for the fiber optic accelerometer used in this work is close to 1 kHz. 
The FBG sensor performance is evaluated by measuring the frame vibration on two WRIG test rigs and recording 
and analyzing its spectrum for up to1kHz. The FBG sensor performance is benchmarked against a commercial high 
fidelity PE vibration sensing platform and shows comparative performance levels for the detection of generator 
electrical and mechanical faults under steady-state and variable speed operation. 

(COMM.30.61.2)    Advanced Photonic Components at the NRC: Driving Photonics into the Future  

Siegfried Janz
National Research Council Canada, 1200 Montreal Road, Ottawa ON, K1A 0R6

Optical communication networks are continually challenged by the growing information load associated with the 
penetration of the internet and digital interconnection into all aspects of our lives. Photonics technology is evolving 
rapidly to adapt, and opportunities for innovation and capturing new market share abound. The Advanced Photonic 
Components Program at the National Research Council works with the Canadian photonics industry to expand their 
market share by accelerating product development through collaborative research, by providing prototyping services, 
and by establishing production ready fabrication processes at the facilities of the Canadian Photonic Fabrication 
Centre.

The NRC is working both with partners and internally to develop technology offerings for components required in 
the coming years. These include components for data centers and long-distance links, customized WDM components 
to accommodate new wavelength allocation schemes (e.g. flexible grid) or that can function even in difficult thermal 
environments without cooling, and new laser sources. In this talk we will briefly review some of the unique technology 
offerings and services at NRC. For example, products using the NRC InP-based quantum dot technology address 
the need for the parallelism and cost reduction in transmitter modules. One quantum dot laser simultaneously emits 
many wavelengths on a grid, with RIN comparable to the best single wavelength lasers. A single laser can therefore 
replace many independent units for cost sensitive datacenter and access network links. Another example is the silicon 
photonic platform now being widely adopted for multi-element photonic integrated circuits. An ongoing challenge 
is laser-silicon and fibre-silicon coupling - critical steps in manufacturing viable and cost effective silicon-based 
photonic packages. NRC has pioneered a sub-wavelength structuring technique to build such couplers.  This is a 
method for producing a variety of functional elements in photonic integrated circuits using one-step sub-wavelength 
scale structuring, rather than complex multi-step fabrication processes.  These and other emerging technologies 
provide unique opportunities for industry to benefit from the accumulated NRC photonics expertise and facilities.  
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(COMM.30.61.3)    The success of PhoeniX Software: risen from the the dot.com bubble ashes

Twan Korthorst
PhoeniX Software - PO Box 545 - 7500 AM Enschede - The Netherlands  

twan.korthorst@phoenixbv.com - www.phoenixbv.com 

Introduction
Based on a history going back to 1991, today PhoeniX Software provides a unique mask lay-out, process flow design 
and simulation environment for the integrated photonics marketplace. In addition the company offers a uniquely 
targeted Manufacturing Execution System and Technology Knowledge Base: the Living Database. This contribution 
will deal with the history of the company and how diversification of products and services supported the resurrection 
of the company after the dot.com bubble crash in 2002.

Starting: Integrated Product Creation Process
PhoeniX Software has been founded in 2003, by two founders of a highly successful company in design solutions 
for integrated optics: BBV Software. With the lessons learned in the 90’s and the period that BBV was part of 
Scottish start-up Kymata (later Alcatel Optronics), a group of key employees joined the two founders and started 
the development of an even more powerful design suite than before and solutions for capturing information form 
the fabrication process to allow development teams to close the loop from specification, process flow development, 
product design and fabrication. This process has been named the Integrated Product Creation Process (iPCP) and 
illustrates the focus on design for manufacturability. 

Surviving: diversification
The dip in the integrated optics market lasted longer than expected and only due to the fact that in addition to the 
design tools, manufacturing automation solutions were offered, the company could grow and turn the corner from 
investing in product development into a sustainable and profitable situation.

Growing: adding value
Since 2008 the integrated photonics market started to resurrect itself by new research projects, first at universities 
and institutes, later at companies as well. This was the moment to invest heavily in a strong network with foundries 
and develop design kits to lower access barriers for photonic integration. This results in a upturn in the number 
of users of the technology and therefore (potential) customers. Ten years after the company rose from the dot.
com bubble ashes it is now supporting customers around the world, from start-up’s to fortune-500 companies as 
well as various research institutes and universities. Today, PhoeniX Software is looking to further capitalize on her 
leadership position by adding value for her customers in offering design kits, training and support in addition to the 
‘best in class’ photonics design solutions.

(COMM.30.61.4)    Optical Response of Large-Area Aluminum-Coated Nano-Bucket  
Arrays on Flexible PET )  Substrates

Donna Hohertz1, Yindar Chuo2, Badr Omrane2, Clint Landrock2, and Karen L. Kavanagh1

1Department of Physics, Simon Fraser University, Canada, 2Nanotech Security Corp., Canada

The high-cost of fabrication of nanohole arrays for Extraordinary Optical Transmission (EOT), surface-plasmon-
resonance-based sensors, inhibits their widespread commercial adoption. Production typically involves the 
application of small-area patterning techniques, such as focused-ion-beam milling, electron-beam lithography, or 
nanosphere lithography, onto high-cost gold-coated substrates. Moving to lower-cost manufacturing is a critical step 
for applications such as the detection of environmental oil-leaks, household water quality assurance, and potency 
of herbal therapeutic drugs, to name a few. In these applications, the sensitivity requirements are relatively low, and 
a bio-compatible inert surface, such as gold, is unnecessary. We report on the optical response of aluminum-coated 
nano-bucket arrays fabricated on flexible polyethylene terephthalate (PET) substrates. The arrays are fabricated using 
an economical roll-to-roll UV-casting process from large sheets of nickel templates generated from master quartz 
stamps. The PET nano-featured surface is subsequently coated with 50 nm of thermally-evaporated aluminum. The 
roll-to-roll production process has a 97% yield over a 600 m roll producing nano-buckets with 240 nm diameters, 
300 nm deep, with a 70° taper. When exposed to a series of refractive index standards (glucose solutions), changes in 
the locations of either the Wood’s anomaly minima or resonance transmission peaks result in optical sensitivities as 
high as 350 ± 20 nm/RIU. The peak transmission is approximately 3% of illumination, well within the sensitivities 
of most common low-cost detectors. 
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(COMM.30.61.5)  Industry-Academy cooperation and  photonics industry needs (COMM.30.61.6)    Impact of Plasma-Based Technologies in Advanced Device and Surface Engineering

C. Côté, J-B. Kpetsu, A. Sarkissian, S. Wolfe, and K. Zandi 
PLASMIONIQUE Inc, 171B-1650, boul. Lionel-Boulet Varennes, QC, Canada J3X 1S2

Thin films of various types are the building blocks of key component of modern photonic and electro-optic products, 
whose fabrication shares process steps that are common to microelectronic and micro- and nanoelectromechanical 
systems (MEMS and NEMS) fabrication techniques.  Traditionally, thin material layers have been deposited by 
electrodeposition or in vapor phase. However, the quest to produce faster and cheaper devices has translated to 
use of less materials or decreased size of the components. As a result, with progressive reduction in dimensions of 
photonic devices, the components’ features have reached nanoscale levels. The precision of manufacturing required 
for reliable operation of these devices dictates that the deposition and/or etching processes during various step of 
fabrication must achieve near monoatomic layer accuracy. 

The trend for the reduction of device size or achieving extreme precision in various manufacturing steps is not unique 
to photonics, microelectronics, MEMS. Many industries to improve the quality of their products and the efficiency 
of production processes resort to advance manufacturing techniques, including advanced surface engineering, which 
find applications from biomaterial surface engineering to advanced forestry products.  A technology that has become 
the common denominator for all these industries is the plasma- and vacuum-based technologies, which offer the 
ability to add or remove material with monoatomic layer precisions. 

In this presentation we will briefly present some of the unique and innovative products that PLASMIONIQUE has 
introduced over the past decade, with a focus on research results that have been carried out in collaboration with our 
University and other Industrial partners. Examples include synthesis of nanostructured materials, like nanotubes, 
nanoparticles, graphene, diamond and thin films of pure and composite materials for variety of applications, including 
emission sources or radiation sensors. Examples of other applications will also be presented.
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(DESIGN.28.01.1)    Simulation of high performance carrier depletion optical modulators in silicon

Graham T. Reed, David J. Thomson, Frederic Y. Gardes, Y. Hu.
Optoelectronics Research Centre, University of Southampton, UK, SO17 1BJ. 

High performance optical modulators are essential components for applications based upon optical communication. 
Silicon based optical components and integrated systems have become increasingly attractive in recent years due to 
the bottlenecks in electrical interconnects and the requirement for a low cost optical technology to replace them. Due 
to the lack of a strong electro-optic effect as exhibited by more traditional used photonic materials, achieving high 
performance modulation is more challenging in silicon. Different mechanisms have had to be employed and there 
have been several successful demonstrations. The thermo-optic effect can be used, but it is very limited in speed due 
to the time taken to apply and extract heat from the material. The hybridisation of other materials onto the silicon 
waveguide, including III-V compounds, germanium, graphene and organics has yielded impressive results at the 
expense of CMOS compatibility or fabrication complexity. The most popular route to achieve modulation in silicon 
has been the use of the plasma dispersion effect which relates changes in electron and hole densities to changes in 
refractive index and absorption. This effect is implemented by forming electrical structures around the silicon optical 
waveguide which are capable of changing the free carrier density in the regions which overlap with the propagating 
optical mode. There are three main electrical structures which have been employed. PIN diode structures where the 
waveguide is formed in the intrinsic section such that when the device is forward biased free carriers are injected 
into the waveguide. A PN diode structure where the junction is positioned in or close to the waveguide such that as 
the device is reverse biased, carriers are depleted out of the waveguide. Finally, MOS capacitor like structures where 
a thin insulating layer is positioned in or close to the waveguide such that when the device is biased free carriers 
accumulate on either side of the insulating layer. The depletion based approach has been the most popular largely due 
to the balance of its performance and fabrication simplicity.

In this work we will present a typical process for the simulation of a high performance carrier depletion based 
silicon optical modulator. Optimisation of the design of a carrier depletion optical modulator requires the combined 
simulation of several elements of the structure. Firstly the geometry of the passive waveguide in which the modulator 
is formed is studied to assess its ability to be polarization independent and support only single mode propagation. 
The designs of any passive components required to form the full modulator structure such as optical power splitters 
and combiners need to be optimized. The designer then might chose to model the fabrication process used to produce 
the modulator to optimize ion implantation recipes for example. Next the electrical behavior of the free carriers 
with different bias conditions needs to be simulated including the dynamic behavior with a transient signal applied. 
Next the interaction of these free carriers with the optical mode in the waveguide is assessed to give outputs of 
phase efficiency, optical loss and intrinsic electro-optic bandwidth. A final consideration for high speed devices is 
the design of the electrodes. In the case of Mach-Zehnder modulators for example, travelling wave electrode are 
typically employed which need to be impedance matched, velocity matched and exhibit a low RF loss. Following 
the demonstration of the simulation process we will show some experimental results from devices simulated in this 
manner in which high performance modulation is achieved.
 

(DESIGN.28.01.2)    Challenges in Photonics-Electronics Codesign

Wim Bogaerts1 2

1Photonics Research Group, Ghent University – imec, Department of Information Technology.  
Center of NB-Photonics, Gent, Belgium, 

2  Luceda Photonics, Dendermonde, Belgium

Photonic integrated circuit (PIC) technology is enabling increasingly complex circuits. This is driven by integration 
technologies such as silicon photonics that provide submicron waveguide geometries in combination with high-
quality manufacturing. In parallel, the capabilities for photonic-electronic integration have grown. But as these 
technologies are rapidly maturing, new challenges in the design flow are emerging. 
Photonic and electronic design have been largely separate for the past decade, each with dedicated tool sets. But 
as photonic-electronic integration is becoming more relevant for the electronics industry, largely in the context of 
optical interconnects, there is a growing trend of incorporating photonic design into the existing electronic design 
automation (EDA) processes. This is a logical evolution, as the design flows can be very similar: Starting from a 
design capture a schematic circuit is constructed and subsequently simulated in a circuit simulator. This schematic is 
then translated into a mask layout, and post-layout verification and simulation confirms whether the designed circuit 
matches the intent. The final layout is then fabricated using semiconductor manufacturing processes. 
While this flow can be applied to photonics and electronics alike, it is not straightforward to combine both together. 
First of all, optical and electronic circuits behave very differently. Electronic signals fit into an effort-flow paradigm 
which can be simulated with spice simulators, and have a bandwidth of at most 100GHz. Photonic signals are very 
high-speed electromagnetic waves with a power and a phase, and the total signal bandwidth can span 10-40 THz. 
This cannot be shoehorned into a Spice simulator, and designers using spice (or VerilogA) for photonic simulations 
must sacrifice a lot of the richness in the photonic part of the circuit.

A second difference is that circuit simulations is not always sufficient in photonics. Especially in high-contrast 
material systems, there will be a need for real electromagnetic modeling, both pre-layout and post-layout. These 
simulations can be quite intensive.

The very different layout geometries also imply that the verification methods used for electronic circuits cannot be 
that easily applied. Especially in functional verification (where the functionality of the circuit is extracted from the 
layout) this is nontrivial. WDM wavelength channels or evanescent coupling are difficult to interpret.
We will discuss these challenges in more detail and also how they can be addressed over time using combinations of 
existing and new photonic and electronic design methods.
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(DESIGN.28.01.3)    Graphene monolayer in ultrashort laser pulse 

Hamed Koochaki Kelardeh 1, Vadym Apalkov 1, and Mark Stockman1,2,3

1Department of Physics and Astronomy, Georgia State University, Atlanta, U.S.A., 
2 Fakultat fur Physik, Ludwig-Maximilians-Universitat, Geschwister-Scholl-Platz 1, D-80539 Munchen, Germany,

3Max-Planck-Institut fur Quantenoptik, Hans-Kopfermann-Strasse 1, D-85748 Garching, Germany

We study theoretically the interaction of graphene with ultrashort and ultrastrong optical pulse. The duration of the 
pulse is few femtoseconds and the electric field maximum is around few V/Ǻ. For such a short pulse, the electron 
dynamics is coherent and is described within the tight-binding model of graphene.  The interaction of optical pulse 
with graphene is determined by strong wave vector dependence of the interband dipole matrix elements, which are 
singular at the Dirac points of graphene. The electron dynamics in optical pulse is highly irreversible with large ~10-
20% residual population of the conduction band. The residual conduction band population as a function of wave 
vector is nonuniform with a few strongly localized spots, at which the conduction band population becomes almost 
100 %.  The spots are located near the Dirac points and the number of spots depends on the pulse intensity. The 
optical pulse propagating through graphene also generates finite transferred charge through the layer. The magnitude 
of the transferred charge is determined by residual polarization of the electron system of graphene and, thus, is the 
charactersitics of irrversibility of electron dynamics. As a function of the pulse intensity the transferred charge shows 
interesting behavior, which is the change of the direction of the charge transfer with the amplitude of the pulse. 
Namely, at small pulse intensities, the charge is transferred in the direction of the pulse maximum,  while at large 
pulse intensity, the direction of the charge transfer is opposite to the direction of the pulse maximum. This property 
opens a unique possibility of controlling the direction of the charge transfer by variation of the pulse intensity. 

(DESIGN.28.01.4)   Frequency Tuning of Microring Resonators through Evanescent Field Perturbation  
for Optical MEMS SOI Platforms

Hossam Shoman and Marcus S. Dahlem
Nano-Optics and Optoelectronics Research Laboratory Electrical Engineering and Computer Science

Masdar Institute of Science and Technology, Abu Dhabi, UAE
mdahlem@alum.mit.edu

Electronic-photonic integrated circuits (EPICs) for wavelength-division-multiplexing (WDM) applications require 
low-power frequency tuning mechanisms for maximum performance, reconfigurability and energy efficiency. Silicon-
on-insulator (SOI) platforms have been used for building such integrated systems using microring resonators, allowing 
compact and low-loss propagation at telecom wavelengths. Control of the resonant frequency is essential for post-
fabrication frequency trimming (due to fabrication errors) and channel frequency tuning, as well as for compensating 
for possible on-chip temperature variations during operation. Among several possible tuning mechanisms, opto-
mechanical approaches have shown to be effective for achieving broad frequency tuning ranges at energy-efficient 
operation regimes. In this paper, we study the control of the resonant frequency of a microring resonator through 
evanescent field perturbation by a suspended lateral silicon membrane (cantilever). This novel planar configuration 
(illustrated in Figure 1) is evaluated through full three-dimensional finite difference time-domain (FDTD) numerical 
computations, for wavelengths between 
1440-1680 nm. The effects of both lateral gap size and vertical displacement of the silicon cantilever are studied. The 
presence of the membrane changes the effective refractive index (which results in frequency tuning), but also lowers 
the quality factor of the microring due to additional coupling into the membrane. 

Numerical results show a maximum tuning range of the 
center wavelength of about 12 nm (for the resonance peak 
around 1550 nm), for lateral gap sizes (between microring 
and membrane) of 30 nm. The vertical displacement of 
the membrane can be controlled by electrical actuation, 
and the fabrication can be integrated into a standard SOI 
process.

Figure 1.   Configuration of the optical 
MEMS tuning mechanism, with a silicon 
cantilever laterally probing the evanescent 
field of the microring.
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(DESIGN.28.01.5)   Design of Ge/SiGe quantum-well waveguide modulators

Delphine Marris-Morini, 1 Mohamed-Saïd Rouifed, 1 Papichaya Chaisakul, 1 Jacopo Frigerio, 2 

Giovanni Isella, 2 Daniel Chrastina, 2 and Laurent Vivien 1

1 Institut d’Electronique Fondamentale, Univ. Paris-Sud, CNRS, UMR 8622, Bât. 220, 91405 Orsay Cedex, France
(corresponding author e-mail: delphine.morini@u-psud.fr).

2 L-NESS, Dipartimento di Fisica del Politecnico di Milano, Polo di Como, Via Anzani 42, I 22100 Como, Italy

Silicon-based photonics has generated a strong interest in recent years, mainly for optical telecommunications and 
optical interconnects in integrated circuits. The main rationales of silicon photonics are the reduction of photonic 
system costs and the increase of the number of functionalities on the same chip combining photonics and electronics. 
Silicon based-optoelectronic devices (source, modulator and photodetector) have been particularly studied as key 
building blocks for the development of silicon photonics. Their successful demonstrations proved the capability of 
silicon photonics to be used for high speed communication for different length range from chip to chip to long haul 
communications. Silicon modulators based on carrier depletion have recently achieved high performances such as 
40 Gbit/s operation with high extinction ratio and low loss. Silicon Mach Zehnder modulators are interesting for 
telecommunication applications but their energy consumption of a few pJ/bit is prohibitive for inter- and intra-chip 
optical communications. For such short optical link applications, energy consumption of the optical modulators is 
a major concern. In this context Ge-rich Ge/SiGe quantum wells (QWs) are promising for compact and low power 
consumption electro-absorption modulators. 

The strong interest in Ge-rich Ge/SiGe QW for silicon photonics is directly due to the demonstration of direct gap 
related optical transitions in these structures. However due to differences in lattice constants and thermal expansion 
coefficient between Si and Ge, the epitaxial growth of Ge/SiGe structures on silicon requires the use of a buffer 
layer (virtual substrate) to trap misfit dislocations and reduce the threading dislocation defect density at the growth 
surface of the quantum well. On top of the virtual substrate, low-defect Ge/SiGe MQWs can be grown using strain 
compensated structures where the compressive strain in the Ge wells is compensated by the tensile strain in the Si1-
xGex barriers. In the first demonstrations Ge/Si0.15Ge0.85 QWs grown on top of a Si0.1Ge0.9 virtual substrate have 
shown large absorption variations around 1.45 µm.

This talk will focus on the design of Ge/SiGe quantum well (QW) waveguide modulators operating at 1.3µm. 
Firstly, strain-engineering will be presented, in order to tune the operating wavelength of the structure. Experimental 
results will be compared with simulations, confirming that Ge/Si0.35Ge0.65 QWs on top of a Si0.21Ge0.79 buffer 
on silicon can be used to obtain optical modulation at 1.3 µm thanks to a higher compressive strain in Ge wells. 
Subsequently, the design of a Ge/SiGe QW modulator integrated in a silicon-on-insulator (SOI) waveguide will be 
presented. Promising performances are theoretically estimated, such as a high extinction ratio, low loss and energy 
consumption lower than 100fJ/bit.

  

(DESIGN.28.01.6)   Nanoscale opto-electronics using vanadium dioxide

Joyce Poon
University of Toronto, Canada
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(DESIGN.28.08.1)    Single-photon source engineering using a Modal Method

Niels Gregersen1
1DTU Fotonik, Department of Photonics Engineering, 

Technical University of Denmark, Kongens Lyngby, Denmark

Solid-state sources of single indistinguishable photons are of great interest for quantum information applications. 
The semiconductor quantum dot embedded in a host material represents an attractive platform to realize such a 
single-photon source (SPS). A near-unity efficiency, defined as the number of detected photons by the collection 
optics per trigger, is desired, and to obtain this high efficiency the photonic environment must be engineered [1] such 
that all the emitted light couples to the collection optics.

A recent design approach is based on a quantum dot placed inside a photonic nanowire (Fig. 1). This structure 
does not feature a cavity but instead relies on a geometrical screening effect to efficiently couple photons to the 
fundamental waveguide mode. Furthermore, the photonic nanowire SPS implements a bottom metal mirror and 
exploits tapering strategies based on conical tapers to ensure efficient in- and out-coupling.

However, the performance of the photonic nanowire SPS depends critically on the geometrical parameters, and exact 
optical simulations of the scattering coefficients of the fundamental waveguide mode are required to obtain a detailed 
understanding of the various subcomponents. The natural choice of simulation method for the SPS design is thus a 
Modal Method, which allows for a determination of scattering coefficients in an elegant way. 
In this presentation, I will describe the Modal Method as well as its application to novel designs of highly efficient 
photonic nanowire SPSs.
  

Fig. 1. Photonic nanowire SPSs featuring a regular (left) and an inverted (right) tapering.

[1] N. Gregersen, P. Kaer and J. Mørk, IEEE J. Sel. Top. Quant. Electron. 19, 9000516 (2013

(DESIGN.28.08.2)    On-chip Quantum Interference between Silicon Photon-pair Sources

Jeremy O’Brien
United Kingdom

Silicon quantum photonics promises to take quantum optics to the large scale, where single photons carry the quantum 
information which can accelerate difficult computational problems, provide perfectly secure communication, or allow 
high-accuracy measurements. Silicon-on-insulator photonics offers miniature, high-yield, and high-performance 
photonics which are integrable with CMOS electronics and telecommunications-band optics, and whose third-order 
optical nonlinearity allows quantum light to be generated on-chip.

Here, we discuss two of our recent experiments exploring the interference and entanglement which exists between 
two on-chip sources of photon pairs. In the first experiment (Fig. 1a), we show the first on-chip manipulation and 
high-visibility interference of photons generated from two discrete on-chip photon-pair sources; in the second (Fig. 
1b), we use a highly reconfigurable photonic chip to probe the path-frequency entanglement present in the generated 
state.

Both experiments comprise two silicon photon-pair sources pumped in a phase-stable way by the same pump laser, 
yielding an on-chip state which is a superposition of a signal-idler photon pair generated in the ‘top’ source, and 
a pair generated in the ‘bottom’ source. In the first experiment[1], we generated the pairs by injecting a bright 
continuous wave pump into a pair of long silicon waveguides, and interfered this state on an integrated beamsplitter, 
to yield very high visibility quantum interference fringes, up to 100.0±0.4% visibility (Fig. 1a). We also performed 
several off-chip Hong-Ou-Mandel (HOM) type interference experiments, observing HOM ‘dips’ with visibility up 
to 95±4%. In the second experiment, we instead used a more scalable pumping scheme picosecond pulsed pump to 
drive micro-ring resonator type sources[2]; we used on-chip multiplexers to separate the signal and idler photons, 
then used an analyser circuit to characterise the on-chip entangled state, shown in Fig. 1b. We found that the state 
was very close to a maximally entangled Bell state, with fidelity 93%. By modifying the source overlap, we were 
able to produce both highly entangled, and highly mixed states (Fig. 1b), which demonstrates the coherence of these 
resonant sources.

With these experiments, we are making progress towards integrated optical systems capable of producing and 
controlling large photonic states, which could provide a watershed of advances in information processing and 
communication using photons.

1. J.W. Silverstone, D. Bonneau, J.L. O’Brien & M.G. Thompson, et al., Nature Photon. 8, 104–108 (2014).
2. L.G. Helt, J.E. Sipe, Z. Yang, & M. Liscidini, Opt. Lett. 35, 3006–3008 (2010).
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(DESIGN.28.08.3)    A generalisation of eigenmode super-resolution imaging to arbitrary systems

Kevin Piché1*, Allan S. Johnson1, Jeff Z. Salvail1, Jonathan Leach1, 
and Robert W. Boyd1, 2

1Department of Physics, University of Ottawa, Canada
2Institute of Optics, University of Rochester, USA

The resolution of optical imaging systems is typically dictated by diffraction or aberrations, though several techniques 
have been proposed to overcome this limit [1,2]. Such super-resolution techniques are of significant interest to 
diverse fields of study, however due to dependence on specialised optical components or prior knowledge of the 
input image, they are not readily applicable to arbitrary optical systems.

One exception is eigenmode super-resolution, an image-independent technique which can be applied to any optical 
system with known orthogonal eigenmodes without the need for specialised components [3]. Recent work has 
demonstrated this experimentally for the case of a diffraction-limited 4-f system [4]. However, not all optical systems 
have a well-known set of analytical orthogonal eigenmodes and a technique which numerically determines them is 
required.

In this work, we outline a method that generates the eigenmodes of an arbitrary optical system. We further generalise 
the reconstruction technique so that it can be applied even to systems in which the eigenmodes are not orthogonal. 
Finally, we present numerical simulations of eigenmode super-resolution in systems with resolution limited both 
by diffraction and by aberrations. We show that the resolution limit can become less than half that of an equivalent 
system without eigenmode decomposition. Our results indicate that optical super-resolution by direct eigenmode 
decomposition provides a versatile method of sub-diffraction and distortion-free imaging that could be applied to 
any existing optical systems.

[1] J. B. Pendry, “Negative refraction makes a perfect lens,” PRL 85, 3966 (2000)
[2] E. T. F. Rogers, J. Lindberg, T. Roy, S. Savo, J. E. Chad, M. R. Dennis, N. I. Zheludev, “A super-oscillatory lens optical 
microscope for subwavelength imaging,” Nature Materials 11, 432 (2012)
[3] V. Seskrovny, and M. Kolobov, “Quantum-statistical analysis of superresolution for optical systems with circular symmetry,” 
Phys. Rev. A 78, 043824 (2011)
[4] K. Piché, J. Leach, A. S. Johnson, J. Z. Salvail, M. I. Kolobov, and R. W. Boyd, “Experimental realization of optical 
eigenmode super-resolution,” Optics Express 20, 26424 (2012)

(DESIGN.28.08.4)    Autoresonant Second Harmonic Generation in a Nonuniform LBO Crystal

Oded Yaakobi1, Anna Mazhorova1, Matteo Clerici1, 2, Gabriel Dupras1,
Daniele Modotto3, François Vidal1, and Roberto Morandotti1

1INRS-EMT, 1650 Boul. Lionel-Boulet, Varennes, QC J3X 1S2 Canada. 2School of Engineering and Physical 
Sciences, Heriot-Watt University, Edinburgh EH14 4AS, UK. 3Dipartimento di Ingegneria dell’Informazione,  

Università di Brescia, via Branze 38, Brescia, 25123, Italy.

In recent years, various wave-mixing phenomena in generic nonuniform media have been analyzed in terms of 
autoresonant theories [1-3]. One of the conclusions of these studies was that inducing wave-mixing processes in 
nonuniform media allows complete energy conversion between the interacting waves within a large bandwidth. 
These theories were supported by experimental studies of Second Harmonic Generation (SHG) [4, 5]. In particular, 
varying the temperature of a LiB3O5 (LBO) crystal longitudinally has been suggested as a mechanism to improve 
the SHG conversion efficiency starting from a broadband pulse [5]. We have validated our generic autoresonant 
theories experimentally by implementing them in a specific system. In our experiment, we have used a 5 cm-long 
non-critically phase matched LBO crystal and a pulsed laser beam at 1450 nm, with an average power of 0.52 mW 
and pulse duration of 3 ps. A monotonic increase in the second harmonic emission along propagation was observed, 
reaching a final conversion efficiency of 62±8%. We modeled our experiment by solving the coupled mode equations 
for the amplitudes of the fundamental frequency wave and its second harmonic wave. According to our recently 
developed theory [3], if the range of variation of the temperature in the crystal includes a certain known interval, then 
a stable autoresonant state is established. This autoresonant solution is characterized by a monotonic increase of the 
conversion efficiency, and is found to be in an excellent agreement with the local average of the numerical solution. 
For the parameters chosen in our experiment, our analytically-calculated lower bound for the final conversion is 
83%, in good agreement with our numerical solution value (88%), and with the measured value (62±8%).

[1] O. Yaakobi and L. Friedland, “Autoresonant four-wave mixing in optical fibers,” Phys. Rev. A 82, 023820 (2010).
[2] O. Yaakobi et al., “Complete energy conversion by autoresonant three-wave mixing in nonuniform media,” Opt. Express 21, 
1623 (2013).
[3] O. Yaakobi et al., “Complete pump depletion by autoresonant second harmonic generation in a nonuniform medium,” J. Opt. 
Soc. Am. B 30, 1637 (2013). 
[4] K. Mizuuchi et al., “Broadening of the phase-matching bandwidth in quasi-phase-matched second-harmonic generation,” 
IEEE J. Quantum Electron. 30, 1596 (1994).
[5] K. Regelskis et al., “Efficient second-harmonic generation of a broadband radiation by control of the temperature distribution 
along a nonlinear crystal,” Opt. Express 20, 28544 (2012).
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(DESIGN.28.13.1)    Waveguide structures with PT-symmetry for potential photonics application

Henri Benisty, Aloyse Degiron, Anatole Lupu

(DESIGN.28.13.2)   Multichannel silicon photonic devices based on angled multimode interferometers

Youfang Hu, Callum G. Littlejohns, Jordi Soler Penades, Ali Z. Khokhar, Stevan Stanković, Scott A. Reynolds, 
Colin J. Mitchell, Frederic. Y. Gardes, and David. J. Thomson 

Optoelectronics Research Centre, University of Southampton, Southampton, SO17 1BJ, United Kingdom

Nowadays, it is challenging to fabricate high-performance and cost-effective multichannel silicon photonic 
devices. The existing wavelength multiplexing/demultiplexing (MUX/DEMUX) technology in silicon 
photonics can be based on single-mode-waveguide structures, like arrayed waveguide gratings (AWGs), 
which have high spectral sensitivity to fabrication errors and temperature change. It can also be based on 
multimode-waveguide structures, like multimode interferometers (MMIs), but in this case, the number of 
channels is usually small (<4). 

Here, we report a novel MUX/DEMUX technology based on MMIs with angled input/output waveguides 
(AMMIs), which could have a channel count between 4 and 16 with high tolerance to fabrication errors and 
ease of design and fabrication. This technology can be based on either a single AMMI or a combination of 
AMMIs and simple single-mode based MUX/DEMUX structures. First, we have demonstrated a 4-channel 
AMMI on the silicon-on-insulator (SOI) platform in near-infrared (~1.55μm) wavelength range to achieve 
an insertion loss of <0.5dB and a cross talk of <-23dB. Using an interleaved structure incorporating two 
AMMIs and one imbalanced MZI, we have fabricated an 8-channel MUX/DEMUX device. The same 
concept has also been demonstrated experimentally in the mid-infrared (~3.8μm) wavelength range. 
AMMI has the flexibility to be designed on a platform with a wide range of waveguide thicknesses or 
etch depths with little variation in performance, which allows for the priority to optimise other optical 
components in the photonics integrated circuit. We have also demonstrated the integration of an AMMI 
with germanium p-i-n photodetectors to form a multichannel 50 Gb/s receiver with a low insertion loss of 
<0.5 dB and a crosstalk of <−15 dB.
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(DESIGN.28.13.3)    Optimization of polarization diversity couplers for silicon photonics: 
 Reaching the -1dB coupling efficiency threshold 

D. Gerace1, L. Carroll1, I. Cristiani2, and L. C. Andreani 1

        1Department of Physics, University of Pavia, Italy, 
2Department of Electrical, Computer and Biomedical Engineering, University of Pavia

Polarization-diversity couplers (PDCs) are low-cost and industry-scalable passive devices that couple light 
of an unknown polarization from a telecom fibre mode into a pair of TE-polarized wave-guided modes 
within a desired Silicon-on-Insulator platform. These couplers offer considerably more relaxed alignment 
tolerances than competing edge-coupling schemes, which gives them an advantageous in the commercial 
fibre-packaging of Si-photonic circuits. However, until now, polarization-diversity couplers have not 
offered sufficiently high coupling efficiency to motivate serious commercial consideration. Using full three-
dimensional finite difference time domain (3D-FDTD) calculations for device optimization, we design two 
polarization-diversity couplers in Silicon-on-Insulator (with and without back-reflector elements) that have 
mean 1550nm coupling efficiencies of -1.0dB and -1.9dB, respectively. To reduce the computational cost 
of these large-scale 3D-FDTD simulations to manageable levels, we use the results of wide-parameter 
sweeps of 1D-grating couplers designs (performed with 2D-FDTD) to inform the PDC designs. We notice 
that these designs offer up to 2dB greater coupling efficiency than the state-of-the-art PDCs, and reach 
the important -1dB efficiency limit that is generally accepted as the minimum performance needed for 
industrial adoption of coupler devices in the commercial telecoms market. 

(DESIGN.28.13.4)    Understanding, mitigating, and exploiting surface effects in optical waveguides
  

F. Morichetti, D. Melati, S. Grillanda, G. G. Gentili, and Andrea Melloni
Dipartimento di Elettronica, Informazione e Bioingegneria, Politecnico di Milano,  

via Ponzio 34/5, 20133 Milano, Italy

The interface between the core and the cladding of optical waveguides is a critical surface where a number of 
physical effects may arise. Not only roughness-induced scattering is responsible for radiative loss and backscattering, 
but also enhances optical crosstalk between adjacent waveguides. In this work, we point out, through theoretical 
models and experiments, key relationships between scattering effects and geometrical and physical parameters of 
the waveguides. A unified model is presented demonstrating that, given the standard deviation and correlation length 
of sidewall roughness, radiation loss and backscattering depend only on the sensitivity of the mode effective index 
to the waveguide width, independently of the waveguide technology and shape [1]. We also show that, when the 
distance between adjacent waveguides increases, radiative coupling dominates the exponentially decaying
evanescent coupling, leading to the excitation of higher order modes (Fig. 1) and phase decorrelation effects.

In semiconductor waveguides, free carriers are locally generated at the waveguide boundaries due to surface-state 
absorption. The possibility to exploit this phenomenon to realize in-line transparent light detectors [2], neither 
tapping photons from the waveguide nor perturbing the optical field, is shown, and applications to circuit monitoring, 
reconfiguration and feedback stabilization are presented.

Fig. 1 Measured optical crosstalk (circles) between 3-mm long parallel waveguides versus the gap distance. A rib 
shaped InP waveguide (width 1 μm, height 1 μm, etch depth 600 nm) is considered 

The research leading to these results was partially supported by the FP7- ICT European Project PARADIGM (grant 
agreement ICT 257210) and by the FP7-ICT European FET Project BBOI.

[1] D. Melati, A. Melloni, and F. Morichetti, “Real photonic waveguides: guiding light through imperfections,” Advances in 
Optics and Photonics (in press).
[2] F. Morichetti, et al., “Non-invasive on-chip light observation by contactless waveguide conductivity monitoring”, J. Selected 
Topics Quantum Electron. 20(4), 2014
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(DESIGN.28.13.5)    Design of misalignment tolerant edge couplers for hybrid integration

S. Romero-García, B. Marzban, S. Sharif Azadeh, F. Merget, B. Shen, J. Witzens
Integrated Photonics Laboratory, RWTH Aachen University, Sommerfeldstraße 24, 52074 Aachen, Germany

Silicon Photonics technology is a leading candidate to meet the data rates and scaling requirements for the ongoing 
evolution of optical interconnects for datacenters [1,2]. In current commercially available systems, the light source 
is provided by the integration of III-V lasers with silicon photonic waveguides, where the optical coupling between 
both elements still remains a challenge that remarkably increases manufacturing costs and power consumption. In 
this work we help addressing this problem with coupling devices that substantially alleviate the existing tradeoff 
between coupling efficiency and alignment tolerance by a balanced splitting of the input light between two integrated 
single mode waveguides [3]. With the proposed devices, a horizontal misalignment of the laser is converted in a 
variation in the relative phase of the light coupled into the two waveguides, while maintaining a high total coupling 
efficiency and a balanced distribution of the light. The integration of the splitting functionality in a compact device 
is useful in applications such as optical interconnects with parallel transmitters. Here, the same device concept is 
applied to the design of edge (Fig.1) and grating couplers. Furthermore, optical characterization with a lensed fiber 
and a Fabry-Pérot laser of edge-coupler structures fabricated with mainstream CMOS technology is presented.  

Figure 1. (a) Schematic of the edge coupler, b) coupling efficiency as a function of the misalignment. The best 
measured device exhibits a 1 dB loss horizontal misalignment of ±1.9 μm, a total coupling efficiency of  -3.1 dB for 
centered alignment and a back-reflection level below -20 dB.                       

[1] A. Narasimha et al., “A 40-Gb/s QSFP Optoelectronic Transceiver in a 0.13 nm CMOS SOI Technology,” Optical Fiber 
Communications Conference (OFC), San Diego, Feb. 2008.  
[2] F. Merget et al., “Silicon photonics plasma-modulators with advanced transmission line design,” Opt. Express 21(17), 19593-
19607 (2013).
[3] S. Romero-García et al.,”Edge Couplers with Relaxed Alignment Tolerance for Pick-and-Place Hybrid Integration of III-V 
Lasers with SOI Waveguides” JSTQE 20, (2014).

 

(DESIGN.28.13.6)   2D and 3D heterogeneous photonic integrated circuits design towards functional chip-
scale systems    

S. J. Ben Yoo
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(DESIGN.28.13.7)    Roles of High Order Bend Modes in Optical Wave Coupling

Haibo Liang1 ,Jianwei Mu2, Xun Li1, and Weiping Huang 3

1 Department of Electronic and Computer Engineering, McMaster University, Canada, 2  Microphotonics Center 
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Information Science and Engineering, Shandong University, China

Bend structures have been widely used in designs of Multimode interference, power splitters, Mach-Zehnder 
interferometers, directional couplers, and also play an indispensable role as major connections in integral photonic 
circuits. A well-designed bend will have the properties such as low transmission loss, low field distortion at the output, 
and also small radius compared with the device size to make the integrated devices compact. In this way, an eminent 
radiation effect needs to be considered. Similar to the straight waveguides, modal analysis, such as mode matching 
method (MMM) or coupled mode method (CMT) can also be complied based on eigen-bend modes. In terms of the 
bend modes, although analytical methods are available for the discrete guided modes and leaky modes, continuous 
radiation modes then will make the rigorous analysis hard to proceed. In this paper, with the truncation by perfectly 
matching layer (PML) and perfectly reflecting boundary (PRB), the radiation effect can be approximated by a series 
of discretized Berenger modes, and at the same time the modal behavior of guided modes and leaky modes will not 
be disturbed in the non-PML region of the computation window. With the complete and discrete complex modal set, 
MMM can be implemented to simulate the transmission and reflection at the interface, and at the same time acquire 
the modal excitation situation in the bend structure, which will be useful in the bending loss calculation and the 
design of matched bends. Compared with works before, we investigate bend waveguide structures with bending radii 
small enough so the guided modes disappear and at the same time high order leaky bend modes contribute to energy 
transfer significantly. In the second part of this paper, we will discuss the roles of higher order bending modes in light 
coupling applications through mode matching method. We will present the modal pattern evolution with bending 
radii, and present a guidance of how many modes should be employed in light coupling. 

(DESIGN.29.17.1)    Nonlinear parity-time Bragg grating  

Sendy Phang 
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(DESIGN.29.17.2)    Subwavelength grating structures for silicon photonic devices 

J. H.  Schmid1, P. Cheben1, J. Lapointe1, D.-X. Xu1, S. Janz1, M. Vachon1, S. Wang1, P. Bock1, D. Benedikovič2, 
R. Halir3, A. Ortega-Moñux3, C. Alonso Ramos3, J. G. Wangüemert Pérez3, I. Molina-Fernández3

1 National Research Council Canada, 1200 Montreal Rd, Ottawa, ON, K1A 0R6, Canada
2University of Zilina, Faculty of Electrical Engineering, Department of Telecommunication and Multimedia,  

Univerzitna 8215/1, 010 26 Zilina, Slovakia
3 Universidad de Málaga, Departamento de Ingeniería de Comunicaciones,  ETSI Telecomunicación,  

Campus de Teatinos s/n, 29071 Málaga, Spain,   

Subwavelength grating (SWG) structures with a pitch smaller than the Bragg resonance length can be used for 
engineering the refractive index in silicon photonic waveguides. We discuss the principles, design, fabrication 
and applications of subwavelength nanostructures in silicon photonics and review our recent results on fiber-chip 
coupling structures, surface grating couplers, waveguide crossings, and athermal waveguides with a polymer-silicon 
hybrid core. In Fig. 1 a scanning electron microscopy image of a SWG edge coupling structure is shown. The 
operating principle of the coupler is a gradual modification of the effective index along its length to match a photonic 
wire waveguide on one end and an optical fiber on the other. Another way of coupling light from an optical fiber 
to photonic wire waveguides is based on surface grating couplers. Here we have shown that SWG refractive index 
engineering can be used to make apodized grating couplers with optimized overlap of the diffracted mode profile 
with the optical fiber mode with a fully etched grating, where the trenches of the diffraction grating are filled with 
the SWG structure. An example for such a grating is shown in Fig. 2, where one can see the varying duty cycle of the 
SWG across the length of coupler. 

Fig. 1: Scanning electron micrograph of photonic-wire-to-SWG fiber-chip coupling structure.
Fig. 2: Scanning electron micrograph of surface grating coupler structure with apodized SWG inside the grating trenches. 

	   	  

(DESIGN.29.17.3) Erbium doped rectified Gaussian fibre Bragg gratings

We have already demonstrated that rectified Gaussian fibre Bragg gratings (FBGs) present an optical cavity 
in their band gap, allowing for multiple resonant modes with optical group delays of several nanoseconds 
[1]. In order to further increase these group delays, we want to mitigate for absorption losses in the fibre by 
introducing a gain medium. Fibre signals are commonly amplified by optically pumping a fibre doped with 
rare-earth elements. Our idea is to write the FBG into the doped fibre itself, in a way similar to distributed 
feedback lasers.

Early results have shown that pumping the erbium-ytterbium doped rectified Gaussian FBG increases the 
group delay of its resonance modes. However, having gain completely compensate for absorption, which 
could lead to lasing, has still not been observed. The student will investigate how to further increase the 
gain in the FBG through refinements to the experiment and the FBG design in order to create even larger 
group delays and ultimately an FBG-based laser.

[1] J. Upham, I. De Leon, D. Grobnic, E. Ma, M. N. Dicaire, S. A. Schulz, S. Murugkar, and R. W. Boyd, 
“Enhancing optical field intensities in Gaussian-profile fiber Bragg gratings,” Optics Letters, 39, 4, 849-
852 (2014)
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(DESIGN.29.17.4)    Subwavelength gratings for sensing and polarization management
    

J.G. Wangüemert-Pérez1, P. Cheben2, A. Ortega-Moñux1, D. Pérez-Galacho3, C. Alonso- Ramos1, R. Halir1, 
 I. Molina-Fernández1, D.-X. Xu2, J.H. Schmid2.
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2 National Research Council Canada, 1200 Montreal Rd, Ottawa, ON, K1A 0R6, Canada  
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Sub-wavelength grating (SWGs) structures are becoming important building blocks in planar waveguide photonic 
devices [1]. SWG structures have been successfully applied in the design of a range of devices with remarkable 
performance by using refractive index engineering and dispersion engineering techniques [2]. In this work we explore 
two new promising applications of these structures, namely in evanescent field waveguide sensing and polarization 
management. For the evanescent waveguide sensing devices, we show that sub- wavelength patterning of silicon 
wires can be used to control the delocalization of the waveguide mode and therefore enhance both bulk and surface 
sensitivities (Fig. 1). We will also discuss the implementation of subwavelength structures in efficient polarization 
splitter and rotator (PSR) devices [3]. PSR devices based on asymmetrical directional couplers typically exhibit 
stringent fabrication tolerances. We show that by implementing SWG structures in PSR design both the effective 
mode index and its derivatives with respect to critical dimensions can be controlled, which significantly improves 
tolerance to fabrication errors (Fig. 2).

 

Fig. 1: Surface sensitivity of the slab-type SWG-waveguide as a function of the duty cycle and for different silicon 
heights.
References
Fig. 2: Extinction Ratio (dB) as a function of waveguide width errors in a SWG-based PSR. TE1(in) is excited by the 
TM0 mode from a narrower input waveguide.

[1] P. Cheben et al., “Refractive index engineering with subwavelength gratings for efficient microphotonic couplers and planar 
waveguide multiplexers”, Opt. Lett. 35, pp. 2526-2528 (2010).
[2] R. Halir et al., “Recent advances in silicon waveguide devices using sub-wavelength gratings,” IEEE J. Sel. Top. Quantum 
Electron. 20, available on-line (2014).
[3] D. Dai et al., “Novel concept for ultracompact polarization splitter-rotator based on silicon nanowires,” Opt. Express 19, pp. 
10940–10949 (2011).

(DESIGN.29.17.5)  Simple full-vectorial complex mode solver for waveguides with cylindrical  
or elliptical  symmetry.

A. Bialiayeu and J. Albert
Department of Electronics, Carleton University, Ottawa, Canada

This paper considers the general problem of the full vectorial mode solutions of waveguides with high refractive 
index contrast and absorption, i.e. arbitrary complex permittivity profiles.

Several methods have been proposed earlier. Usually the waveguide profile is subdivided into a number of piecewise 
homogeneous concentric layers, and the equations are solved in each layer. The solutions are next connected with 
the help of boundary conditions. The most noticeable are the transfer matrix method [1] and pseudo-spectral or 
collocation method [2]. In the case of the transfer matrix method the modes propagation constant are obtained 
by finding roots of a polynomial in the complex plain, over Bessel functions, with a degree proportional to the 
number of layers. This method becomes increasingly prohibitive with regards to computational resources as well as 
to numerical stability with the increase of number of layers. Another possibility is to use a standard FD/FEM method 
for the entire 2D waveguide profile adapted for the cylindrical symmetry [3], although such approach would be the 
slowest and the least efficient.

Here we present a simple yet efficient and fast numerical method. First the system of Maxwell’s equations was 
reduced to only two coupled ordinary differential equations for the electric field. The variation of the dielectric 
permittivity was incorporated in the equation such that equations become suitable for the numerical integration 
through the entire domain. Next the equations were transformed into a system of algebraic equations with the help 
of a finite difference method. Finally the problem was reduced to finding eigenvalues and eigenvectors of a five-
diagonal sparse matrix. The eigenvalue problem was effectively solved with the standard iterative method for large 
sparse linear systems. 

The solution to the scalar and vectorial equations were compared and the relation between the light orbital angular 
momentum and the intrinsic degree of freedom was established. The observed split of degenerate states resembles 
the Zeeman effect were the electron energy levels are splitting due to the electron intrinsic degree of freedom.

[1] C. Yeh and G. Lindgren, Appl. Opt. 16, 483-493 (1977)
[2] Rencheng Song et al., J. Opt. Soc. Am. B. 27, 1722-1730 (2010)
[3] Zhang Qi et al., Int.J. of RF and Microwave Computer-Aided Eng. 15, 264-271 (2005)
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(DESIGN.29.24.1)    Computational Methods and Material Models for Nano-Plasmonics

Kurt Busch
Humboldt-Universität zu Berlin, Institut für Physik,

AG Theoretische Optik & Photonik, 12489 Berlin, Germany

An overview on the status of the Discontinuous Galerkin Time-Domain (DGTD) approach as applied to nano-
plasmonic systems is provided. 

In essence, the DGTD scheme combines the features of high-order adaptive spatial discretization of ordinary finite-
element methods with efficient high-order time-stepping schemes. It is, therefore, well suited for the quantitative 
analysis of complex nano-scale geometries with different constituent materials.

The focus of the talk lies on the modeling of advanced excitation schemes and on the development of advanced 
materials models that facilitate the efficient and accurate treatment of plasmonic systems. Here, the former aspect 
includes the use of focused optical beams and the excitation via electron beams as required for electron energy loss 
spectroscopy. The latter aspect involves the treatment of magneto-optic effects in transition metal systems and the 
analysis of the nonlinear properties of metallic systems under high-intensity excitation.

These methodologies can be applied to study the radiation dynamics of nitrogen-vacancy centers in nano-diamonds 
that are  

(DESIGN.29.24.2)    Quasimodes and Purcell factors for leaky optical cavities and plasmonic nanoresonators 

Stephen Hughes1, Rongchun Ge1, Philip Trøst Kristensen2, and Jeff. Y. Young3

1 Department of Physics, Queen’s University, Canada K7L 3N6 
2 DTU Fotonik, Technical University of Denmark, Lyngby, Denmark 

3 Department of Physics and Astronomy, University of British lumbia,  6224 Agricultural Rd., Vancouver, British 
Columbia, Canada V6T 1Z1

Accurate quantitative modelling of dipole emitters and quantum dots near arbitrarily shaped nanoresonators is 
challenging. In many cases, however, the local density of states (LDOS) enhancements in cavity structures are 
directly attributable to one or just a few local resonances of the cavity modes. Electromagnetic cavity modes in 
photonic and  plasmonic resonators over rich and attractive regimes for tailoring the properties of light−matter 
interactions, yet there  is a disturbing lack of a precise definition for what constitutes a cavity mode, and as a result 
their mathematical properties remain largely unspecified. In this talk, we will argue that most, if not all, confusion 
about the cavity modes of can be removed by a proper treatment within the framework of quasinormal modes 
(QNMs),  defined as the frequency domain solutions to the wave equation with open boundary conditions.  Using 
these QNMs, we will describe a new mode expansion technique that can be used to evaluate the electric field from a 
dipole emitter at positions both nearby and far away from leaky optical cavities and plasmonic resonators [1-3]. We 
introduce a rigorous definition of the Purcell factor and enhanced spontaneous emission factor and point out why the 
usual expression for effective mode volume is wrong [1]. For plasmonic resonators, we also introduce a technique 
to account for Ohmic losses. Our theoretical formalism is broadly applicable, insightful, and provides an enormous 
simplification over full numerical calculations. 

[1] P. T. Kristensen, C. Van Vlack, and S. Hughes, Generalized mode volume for leaky optical cavities, Optics Letters 37, 1649 
(2012). 
[2] P. T. Kristensen  and S. Hughes, Modes and mode volumes of leaky optical cavities and plasmonic nanoresonators, ACS 
Photonics 1,  2 (2014).
[3] R. Ge, P. T. Kristensen, Jeff. Y. Young, and S. Hughes, Quasimode expansion technique for light-matter interactions in 
nanoplasmonics, e-print: arXiv:1312.2939
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(DESIGN.29.24.3)    Eigenmode Expansion vs Finite Difference Time Domain: Which is Better?

James Pond, Amy Liu and Adam Reid
Lumerical Solutions, Inc., 535 Thurlow Street, 

Vancouver, BC, Canada V6E 3L2

In this paper, we compare finite difference time-domain (FDTD) and eigenmode expansion (EME) methods for 
simulating integrated optical components. FDTD is one of the most versatile and accurate methods for simulating light 
propagation in nanoscale components of arbitrary geometric complexity. Bidirectional EME is a well-known method 
for simulating long distance propagation, typically in waveguide or fiber devices made of regions with invariant 
cross sections such as multi-mode interferometers (MMIs) and fiber Bragg gratings (FBGs). Unlike algorithms such 
as the beam propagation method (BPM), which rely on limiting assumptions such as the slowly-varying envelope 
approximation, both FDTD and EME provide numerical solutions to Maxwell’s equations where the sources of error 
are well understood and the result will converge on the correct solution.

In this paper, we compare the advantages and disadvantages of FDTD and EME considering many factors including 
the scaling of the simulation time with device size, the efficiency of handling periodic structures, the degree of 
parallelization that can be used, the tradeoffs between time domain and frequency domain simulation, and the impact 
of FDTD grid dispersion. Ultimately, we compare simulation times and results for a number of passive integrated 
optical components such as tapers, splitters, MMIs, waveguide Bragg gratings, directional couplers, and grating 
couplers with the goal of identifying which is the better algorithm for integrated optical component design.

(DESIGN.29.24.4)    Spoof Plasmons in Real Metals With the Arbitrary Shape of Perforation

T. Gric1,2,3, M. S. Wartak4, M. Cada1

1 Department of Electrical and Computer Engineering, Dalhousie University, Halifax, Canada; 
 2 Semiconductor Physics Institute, Center for Physical Sciences and Technology, Vilnius, Lithuania; 

 3 Department of Physics, Vilnius Gediminas Technical University, Vilnius, Lithuania; 
 4 Department of Physics and Computer Science, Wilfrid Laurier University, Waterloo, Ontario N2L3C5, Canada

Spoof plasmons are bound electromagnetic waves (EM) at frequencies outside the plasmonic range mimicking 
(“spoofing”) surface plasmon polaritons (SPPs), which propagate on the periodically corrugated metal surfaces. 
In recent years, electromagnetic waves propagating at the interface between a metal and dielectric have been of 
significant interest. Although most plasmonic research so far has focused on the near-infrared and optical ranges of 
the electromagnetic spectrum (where noble metals support highly confined surface waves), there exists increasing 
interest in transferring SPPs-based photonics to lower frequencies, such as microwave or terahertz. However, in 
these spectral ranges, noble metals behave like perfect electric conductors, whose surface charges are able to screen 
any external EM excitation with extreme efficiency, preventing the formation of tightly bound SPP. It has been 
shown that the binding of EM fields to a metal surface can be increased by its corrugation. 

The problem of how losses influence propagation and localization of spoof plasmons is very significant. The impact 
of the metal loss (finite skin depth) on spoof plasmon behavior has already been considered. A surface of the metal 
perforated with a one-dimensional periodic array of rectangular grooves has been investigated. The question that 
remains open is the calculation of the effective permittivities for arbitrary grooves. A number of scientific works 
describing the calculation of the effective dielectric constants for the grooved surfaces is limited. 
Here we have obtained an analytical dispersion relation of the spoof plasmons on the arbitrary perforated surface of a 
real metal. We have got the analytical expressions for calculation of the permittivities of the arbitrary grooves. Based 
on those results we determine the minimum spot size for triangular groove structure.
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(DESIGN.29.24.5)   High Q, Small Mode Volume Microcavities in Solvent-Immersed SOI 
 Photonic Circuits: Design and Applications

Jeff F. Young and S. Hamed Mirsadeghi
Department of Physics and Astronomy

Advanced Materials and Process Engineering Laboratory
University of British Columbia, Vancouver, BC, V6T 1Z1

A silicon-on-insulator based planar photonic circuit was designed to serve as a robust system for efficiently and 
easily coupling light into high quality factor (Q), small mode-volume optical microcavities that support 3D localized 
modes with most of the field intensity concentrated outside of the silicon, in the background air or solvent.   The 
circuits1 connect free-space or fibre coupled laser light to and from the microcavity via input and output grating 
couplers in series with channel silicon waveguides, and 1D photonic crystal waveguides.  The cavities are formed in 
a 2D hexagonal photonic crystal containing a W1 waveguide that has a slot etched along its axis.  A slight (few nm) 
offset of 30 photonic crystal holes on either side of the slot waveguide creates a cavity that supports two localized 
modes in the vicinity of the defect when the entire circuit is immersed in solvents with refractive index ns between 
1.3 and 1.4.  

Various aspects of the design will be described along with experimental results demonstrating the potential application 
of this structure for sensing refractive index changes, and manipulating sub-100 nm size nanoparticles via optical 
gradient forces.  Cavity Q factors on the order of 10,000 with mode volumes as small as ~ 1/10*(1600/ns)3 nm3 are 
achieved in various solvents, and the circuits can be cleaned and re-used many times.

1 S. Hamed Mirsadeghi, Ellen Schelew and Jeff F. Young, Appl. Phys. Lett. 102, 131115 (2013).

(DESIGN.29.29.1)    Silicon Photonics: Designing for products

Y. Painchaud, M. Poulin, F. Pelletier, C. Latrasse, J.-F. Gagné, S. Savard, G. Robidoux, M.-J. Picard, S. Paquet,  
C.-A. Davisdon, M. Pelletier, M. Cyr, C. Paquet and M. Guy

TeraXion, Québec, Québec, Canada 

Since the past few years, there has been a huge interest for silicon photonics as an integration platform for the 
development of low-cost products. High-volume applications are primarily targeted such as transceivers for datacom. 
Lower volume applications, noteworthy in long distance optical telecommunication networks are beginning to 
emerge. Silicon photonics is particularly well suited for complex ultra-compact devices since the highly confined 
waveguide translates into very compact circuits. In addition, the high manufacturing yield enables a high functional 
density.

This presentation discusses the main particular design aspects when a product is targeted as the end goal. These 
aspects include small footprint packaging, manufacturing yield, optical and electrical input and output ports and the 
integration of optical functions with electronics. An integrated coherent receiver and a high speed modulator are used 
as product examples. Solutions to address these points are presented including wafer-level testing, ferules for fiber 
attachments, flip-chip mounting for photodetector and electronics integration, ceramic and small footprint package 
designs. Future trends on packaging are also discussed where emerging electrical interfaces such as ball grid arrays 
(BGA) and silicon interposers are viewed as enablers of new classes of low-cost packaging solutions that would 
allow to provide the full benefit of silicon photonics for products with minimized size and cost.
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(DESIGN.29.29.2)   Optimization of SOI thickness for silicon photonics integration

Dan-Xia Xu1, Jens H. Schmid1, David J. Thomson2, Graham T. Reed2, , Goran Z. Mashanovich2, Milos 
Nedeljkovic2, Xia Chen2, Dries Van Thourhout3, Shahram Keyvaninia3, Shankar K. Selvaraja4

1Information and Communication Technologies, 
National Research Council Canada, Ottawa, Ontario, Canada K1A 0R6. 

2 Optoelectronics Research Centre, University of Southampton, UK, SO17 1BJ. 
3 Photonics Research Group, Department of Information Technology, 

Ghent University –Imec, Ghent B-9000, Belgium. 
4 Imec, Kapeldreef 75, B-3000 Leuven, Belgium.

The current trend in silicon photonics towards higher levels of integration as well as the model of using CMOS 
foundries for fabrication is leading to a need for standardization of substrate parameters and fabrication processes. In 
particular, for several foundries that provide public access, silicon-on-insulator wafers with a silicon thickness of 220 
nm have become the standard substrate for which devices and circuits have to be designed. In this study, we review 
the silicon layer thickness considerations in the design of several individual components that are part of an integrated 
optical transceiver, namely passive components for waveguiding, wavelength selection, and light coupling as well as 
active components such as modulators and on-chip lasers produced by hybrid integration. 

For passive components, the standard 220 nm thick waveguides support the TE mode to a bend radius down to a 
few microns, but are limit in the use of TM polarization to much larger bend radii. Comparing components designed 
for the two polarizations, devices designed for TE polarization experience higher propagation loss and higher back 
reflection. Perhaps more importantly, phase sensitive devices tend to have better fabrication tolerances when operating 
in TM polarization. For efficient coupling between fibers and waveguides, directionality of grating couplers was 
found to be optimized in silicon waveguides of approximately 350 nm in thickness. For optical modulators, our 
results indicate an optimal silicon thickness of approximately 360 nm and 250 nm for TE and TM polarization, 
respectively. Finally, we discuss the considerations for hybrid integration of laser sources. Here we found that the 
strong coupling of the laser and SOI waveguides necessary for good power transfer is achieved in a straightforward 
way only for thicker silicon waveguides of 400 nm and above, although more complex solutions for 220 nm thick 
waveguides are under investigation. 

Not surprisingly, there is not a single thickness that is optimum for all devices. On the other hand, it is important 
to consider the fact that in all cases we found that better performance or more robust fabrication could be achieved 
by using a silicon waveguide layer thicker than 220 nm. Potential alternative strategies to meet the diverging 
requirements in photonic integration are explored. We believe that further research into the optimum silicon 
integration platform considering different options for the substrates will be of great importance in achieving far-
reaching commercialization of silicon photonics and to provide guidance for evolving standardization.

(DESIGN.29.29.3)    Robust silicon waveguide polarization rotator with an amorphous silicon overlayer

Winnie Ye
Carleton University, Ottawa, Ontario, K1S 5B6, Canada
Polarization management for coherent optical receivers

R. Halir,1 A. Ortega-Moñux,1 D. Pérez-Galacho,1 C. Alonso-Ramos,1 Ruiyong Zhang,2 P. J. Reyes-Iglesias,1 S. 
Romero-García,1 R. Godoy-Rubio,1 J. G. Wangüemert-Pérez,1 I. Molina-Fernández1 and Patrick Runge2

1Universidad de Málaga, Departamento de Ingeniería de Comunicaciones,
ETSI Telecomunicación, Campus de Teatinos s/n, 29071 Málaga, Spain,
2Fraunhofer Institute for Telecommunications, Heinrich-Hertz-Institute,

Einsteinufer 37, D-10587 Berlin, Germany

The constant growth of bandwidth requirements in optical communication networks has prompted the evolution 
from conventional on-off-keying (OOK) transmission techniques to coherent, polarization multiplexed schemes. The 
higher spectral efficiency afforded by this approach enables per channel data rates of 100–400Gbps over existing 
fiber infrastructure. Both the transmitters and receivers benefit from monolithic integration, as it reduces costs and 
offers rugged performance. A block diagram of a coherent polarization multiplex receiver is shown in Fig. 1(a) and 
basically consists of: i) polarization splitters ii) high performance 90o hybrids and iii) high speed photodiodes. A 
first monolithically integrated coherent receiver was presented in [1], which, however, required external polarization 
management. Integration of the polarization managing elements, such as polarization splitters or polarization 
rotators, is challenging as they exhibit stringing fabrication tolerances. Here, we will review some recent advances in 
integrated polarization management. Furthermore, we discuss the design of tunable, fabrication tolerant polarization 
splitters based on Mach-Zehnder structures as shown in Fig. 1(b) [2], carried out in the EU-FP7 Mirthe project. The 
operation of a monolithically integrated polarization multiplex coherent receiver based on these polarization splitters 
has been recently demonstrated [3].

Polarization management is an important research topic in the development of silicon photonic integrated circuits 
because of the high polarization sensitivity of silicon-wire waveguides. To circumvent the intrinsic limitations 
imposed by waveguide polarization sensitivity, a polarization diversity approach is typically used in Si-wire photonic 
circuits. In this approach, the input light of arbitrary polarization is first split into two orthogonal polarization states 
(quasi-TE and quasi-TM) by a polarization beam splitter, followed by rotating one of the polarization states by 90° 
using a polarization rotator. After independently processing these two signals of the identical polarization state, one 
of them is rotated back 90° using a second polarization rotator, and the two orthogonal components are recombined 
with a polarization beam splitter. In this work, we present a robust design of a polarization rotator based on the mode-
evolution mechanism. The polarization rotation in a silicon wire waveguide is achieved by forming an amorphous 
silicon (a-Si) overlayer and SiO2 spacer on top of the waveguide. A strip pattern of a constant width is designed to be 
etched through the overlayer at a specific angle with respect to the Si waveguide. The asymmetry in the a-Si overlayer 
affects the waveguide mode by rotating the modal axis. This polarization rotator design is amenable to comparatively 
simple fabrication compatible with the standard silicon photonic processing for integration. The length of the rotation 
section is 17 μm and broadband operation is achieved with a rotation efficiency higher than 90% for a wavelength 
range exceeding 135 nm. A maximum polarization rotation efficiency of 99.5% is predicted by calculation.
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(DESIGN.29.29.4)   Polarization management for coherent optical receivers
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The constant growth of bandwidth requirements in optical communication networks has prompted the evolution 
from conventional on-off-keying (OOK) transmission techniques to coherent, polarization multiplexed schemes. The 
higher spectral efficiency afforded by this approach enables per channel data rates of 100–400Gbps over existing 
fiber infrastructure. Both the transmitters and receivers benefit from monolithic integration, as it reduces costs and 
offers rugged performance. A block diagram of a coherent polarization multiplex receiver is shown in Fig. 1(a) and 
basically consists of: i) polarization splitters ii) high performance 90o hybrids and iii) high speed photodiodes. A 
first monolithically integrated coherent receiver was presented in [1], which, however, required external polarization 
management. Integration of the polarization managing elements, such as polarization splitters or polarization 
rotators, is challenging as they exhibit stringing fabrication tolerances. Here, we will review some recent advances in 
integrated polarization management. Furthermore, we discuss the design of tunable, fabrication tolerant polarization 
splitters based on Mach-Zehnder structures as shown in Fig. 1(b) [2], carried out in the EU-FP7 Mirthe project. The 
operation of a monolithically integrated polarization multiplex coherent receiver based on these polarization splitters 
has been recently demonstrated [3].

Figure 1. (a) Schematic of a polarization multiplex coherent receiver. (b) Microscope image of the integrated 
polarization splitter.

[1] R. Kunkel et al., “First Monolithic InP-Based 90 degrees-Hybrid OEIC Comprising Balanced Detectors for 100GE Coherent 
Frontends”, IRPM, 2009
[2] D. Pérez-Galacho et al., “Integrated Polarization Beam Splitter for 100/400 GE Polarization Multiplexed Coherent Optical 
Communications”, J. Lightwave Technol., 32, p. 361-368, 2014
[3] H. Mardoyan et al, “PIC-to-PIC experiment at 130Gb/s Based on a Monolithic Transmitter Using Switching of Prefixed 
Optical Phases and a Monolithic Coherent Receiver”, OFC 2014

(DESIGN.29.29.5)    Accurate Theoretical and Experimental Characterization of Optical Grating Coupler
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3COPL, Université Laval, Canada

A grating coupler is an open guided-wave structure in which a gradual wave leakage along the propagation is 
advantageoulsy used to couple the light to an optical waveguide.  Theoretical models have been developed in detail 
over the past few decades with several approximations. In this paper, a three-dimensional simulation of the grating 
coupler is performed for the first time, which enables a rigorous and general investigation of this periodic structure. 
Using the vector formulation of the Maxwell’s electromagnetic equations with a commercial software package in 
the context of a full-wave finite-element method (FEM), the power distribution diffracted by a grating (the radiation 
pattern) is resolved and the grating efficiency is examined. A parametric study is performed to determine the 
dependence of the wave leakage on structural geometry, operating wavelength, and polarization as well as incident 
angle of the light. In addition, since the complex propagation constant (γ=α+jβ) cannot be obtained directly from 
the simulation, we have used a numerical calibration method to determine it. A grating design involving Silicon 
On Insulator (SOI) wafer- with a 260 nm silicon layer and 2 µm buried oxide- was optimized for operation at 
1550 nm wavelength. Yet, the design is also able to efficiently couple the light over a broad range of wavelengths. 
Two different periods were studied, resulting in two slightly different coupling angles. Test structures with grating 
couplers and tapered strip waveguides were fabricated using a two-step electron-beam lithography and high-density 
plasma etching processes. They are characterized by various coupling angles over 100 nm wavelength spectrum. 
The fabricated grating couplers show a coupling efficiency higher than 35% over 50 nm wavelength bandwidth. The 
optimized coupling angles are 7.5° and 12° for the 580 nm and 600 nm grating periods respectively, in agreement 
with the full-wave simulation values of 7° and 13°. The corresponding coupling efficiencies were 42% and 38 %. 
This excellent agreement between theory, simulation and experiment fully validates the design method.  
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(DESIGN.29.P.50.65)    Analysis of yb3+/Er3+-Codoped Microring Resonator Cross-grid Matrices
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Microring resonators (MMR) provide diverse signal processing functionalities in optical communication systems and 
have recently emerged as promising candidates for scalable and multiplexable sensing platforms, providing label-
free, highly- sensitive and real-time detection capabilities. Several MMR array configurations have been explored so 
far to improve the performance of MMR-based photonic devices. Moreover, if gain is incorporated inside the ring 
filtering/sensing and amplifying/oscillating functionalities are combined and the potentialities of the device become 
enhanced. In consequence, MMR arrays with gain operating in the near infrared spectral range and, in particular, in 
the 1.5-μm wavelength band (emission band of Er-doped fibre amplifiers and lasers and already used in several bio/
chemical sensing tasks) are highly attractive.

In this contribution we present an analytic model of the scattering response of a highly Yb3+/Er3+-codoped cross-
grid M x N MMR matrix that permits to analyze the resonant amplification and laser oscillation regime of the output 
signals at the matrix through and drop ports. Since the required high dopant concentrations enhance nonradiative 
energy-transfer mechanisms, in order to evaluate optical power/dopant ions interactions the microscopic statistical 
formalism is considered for migration- assisted upconversion. The performance of the active cross-grid M x N MMR 
matrices was numerically investigated based on the signal transfer functions for through and drop ports, correlated 
with signal gain coefficient and its dependence on pump power, signal power and Yb3+/Er3+ ion concentrations. 
This analysis allows the optimization of these structures for telecommunications or sensing applications.

Fig. 1. Transfer functions to a drop port in a passive and in an active cross-grid 2 x 2 matrix.
 

(DESIGN.29.P.50.66)    High Confinement Silicon Nitride Waveguide Platform for Optical Devices
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Silicon nitride waveguides attracted intense research interest thanks to their material properties such as wide spectral 
transparency to light ranging from far infrared to visible frequencies. However, Silicon nitride waveguides are usually 
with strip geometries due to their large internal tensile stress that limits the silicon nitride layer thickness. Recently, 
a novel waveguide structure with a box-shaped cross section based on Si3N4 has been proposed and studied. The 
box-shaped waveguide consists of SiO2 core surrounded by Si3N4 thin films and can be fabricated by a CMOS 
compatible LPCVD process. Comparing with other waveguides structures such as ARROW, Bragg waveguides, 
etc., the merits of the box-shaped waveguide are featured by the capability of tailoring the waveguide effective index 
contrast, controllable birefringence and PDL and low-cost fabrication technology. 

In this paper, we explored the potential of box-shaped silicon nitride waveguide structure in photonic integration 
characterized by high confinement factor in central slot region. By adjusting the aspect ratio, quasi-TE (Ey dominant) 
or quasi-TM modes (Ex dominant) can be obtained. If we simultaneously reduce the height and the width of the low 
index core, strong coupling will happen both vertically and horizontally and box shaped slot mode will be realized. 
With the understanding of the mode evolution of the Si3N4 box shaped waveguide structures, one may utilize the 
box shaped waveguide structure to implement functional devices such as polarization splitters or slot mode-box 
mode converters etc.
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Ellipsometric measurement (EM) is a precise and widely used method for obtaining optical constants of various 
types of optical films. When one’s need to find out if a specific sample presents some optical anisotropy, a common 
method consists of comparing the quality of the fits from EM, initially by considering an isotropic optical model 
and then an anisotropic one. If the anisotropic model provides a better fit (i.e the  parameter of that fit is smaller 
than the isotropic one), then it can be concluded that the sample is anisotropic. This method however presents some 
limitations when the optical sample film has a low optical anisotropy. Indeed, it is then more complex to draw 
conclusions about the properties of the sample, firstly because this anisotropy can be in the same order of the error 
made on EM and secondly, it is mathematically more probable to get good fits from the anisotropic model because 
of the greatest number of free parameters needed to be minimized.

In this work, we present an extension of the usual ellipsometric analysis protocol, which provides the ability to 
determine an eventual anisotropy even when the magnitude of that anisotropy is smaller than the uncertainty on the 
optical constants determined from the ellipsometric analysis. The method is based on the simple physical argument 
that when we fit EM from an anisotropic sample and an isotropic model, it is expected that the major gap between 
theory and experiment comes from the data measured at grazing angle of incidence. So in that case, these measures 
provide a bigger contribution to the global   of the fit.

The method has been validated by measuring the small anisotropy induced during the spin coating process of organic 
thin film doped with luminescent chromophores (PMMA-DCM), required for fabrication of organic microlasers. 
Testing the validity of Kramers-Kronig relations provided further confirmation of the results. 

(DESIGN.29.P.50.68)    Investigation of Mode Partition Noise in Fabry-Perot Laser Diode

Qingyi Guo1, Lanxin Deng1, Jianwei Mu2, Xun Li1 and Wei-Ping Huang3 

1Department of Electrical and Computer Engineering, McMaster University, Canada 
2Microphotonics Center and Department of Materials Science & Engineering,  

Massachusetts Institute of Technology, USA 
3School of Information Science and Engineering, Shandong University, China

Passive optical network (PON) is considered as the most appealing access network architecture in terms of cost-
effectiveness, bandwidth management flexibility, scalability and durability. And to further reduce the cost per 
subscriber, a Fabry-Perot (FP) laser diode is preferred as the transmitter at the optical network units (ONUs) because 
of its lower cost compared to distributed feedback (DFB) laser diode. However, the mode partition noise (MPN) 
associated with the multi-longitudinal-mode FP laser diode becomes the limiting factor in the network. This paper 
studies the MPN characteristics of the FP laser diode using the time-domain simulation of noise-driven multi-mode 
laser rate equation. The probability density functions are calculated for each longitudinal mode. The paper focuses 
on the investigation of the k-factor, which is a simple yet important measure of the noise power, but is usually taken 
as a fitted or assumed value in the penalty calculations. In this paper, the sources of the k-factor are studied with 
simulation, including the intrinsic source of the laser Langevin noise, and the extrinsic source of the bit pattern. The 
photon waveforms are shown under four simulation conditions for regular or random bit pattern, and with or without 
Langevin noise. The k-factors contributed by those sources are studied with a variety of bias current and modulation 
current. Simulation results are illustrated in figures, and show that the contribution of Langevin noise to the k-factor 
is larger than that of the random bit pattern, and is more dominant at lower bias current or higher modulation current.
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(DESIGN.29.P.50.69)    Design of Slow Light Resonant Modes in Photonic Crystal Ring Resonators

Kathleen McGarvey-Lechable and Pablo Bianucci
Department of Physics, Concordia University, Montreal, Quebec, Canada

In this work, we discuss the optical properties of a photonic crystal ring resonator (PhCRR), a hybrid device consisting 
of a micro-ring resonator upon which a photonic crystal structure is superimposed.  Due to the periodic design of the 
PhCRR’s dielectric material, the gradient of the device’s dispersion curve approaches zero near the photonic band 
edge, indicating enhanced light-matter coupling due to the low group velocity of the propagating resonant modes.  
Such devices have been shown to possess high quality factors and have promising applications as ultra-sensitive 
sensing devices. In order to fully exploit the « slow light » characteristics of the PhCRR, a design approach is utilized 
which allows for the precise selection of photonic band-edge resonant modes.  A frequency domain computational 
approach is used to model the dispersion of an infinite periodic silicon slab waveguide of effective refractive index 
n=2.83, lattice constant a, width w=a and air holes of radius r=0.3a.  The assumption that the radius of curvature of 
the ring resonator is great enough so as to leave the resonant modes unaffected by the bend of the waveguide allows 
for the approximation of the device as a 2D waveguide. Boundary conditions are then imposed on the ring resonator, 
ensuring phase matching of the propagating electromagnetic wave (kxR=m where m∈Z) and the disEcreteness of 
the number of lattice cells in the ring (Na=2πR). Through proper selection of the lattice constant, these geometric 
constraints yield a set of resonant modes, which fall precisely at the photonic band edge of the device’s dispersion 
curve. Once the proper parameters have been selected to ensure a resonant fundamental mode at λμ=1.55μm 
(corresponding to the transparency window of silicon), two-dimensional finite-difference time-domain simulations 
yield the broad pulse spectral response of the PhCRR, as well as the field energy densities of the individual resonant 
modes, with calculated quality factors greater than 106.

(DESIGN.29.P.50.70)    Theory and design of quantum light sources from quantum-dots embedded in  
nanowire photonic crystal systems

G. Angelatos and S. Hughes
Department of Physics, Queen’s University, Kingston, ON, Canada K7L3N6

Planar photonic crystals (PCs) are dielectric composites that exploit periodicity in the refractive index to control 
light-matter interactions in planar geometries.  When coupled with semiconductor quantum dots (QDs), one can 
realize novel cavity-QED (quantum electrodynamics) systems capable of producing and manipulating individual 
photons “on chip”, which has important applications for quantum technologies and fundamental regimes of quantum 
optics [1].   However, these planar PC structures can be highly sensitive to fabrication disorder, resulting in large 
scattering losses [2] and significant variations between QDs that are grown by the Stransky-Krastanov technique 
[2].  Recently, the molecular-beam epitaxy growth process has demonstrated the ability to grow organized identical 
arrays of single crystal semiconductor nanowires, which can also support the precise placement of QDs or QD disks 
[3]. Thus, nanowire QD systems offer an attractive platform for tailoring the emission properties of QD photons, and 
recent experiments have shown the potential for enabling efficient single photons [4].

In this work, we present new designs and models of PC structures formed from PC arrays of heterostructured 
nanowires, with a focus on optimizing cavity and waveguide systems for facilitating efficient quantum optical sources 
with embedded QDs. We use a variety of advanced EM simulation techniques, such as FDTD and an intuitive photon 
Green function approach, to understand both the classical and quantum optical properties of these systems. We 
present realistic calculations of the Purcell factor (enhanced photon emission factor) and beta factor for a number 
of designs for creating efficient single photon sources using these nanowire PC structures. Using a quantum master 
equation approach, we also simulate the dynamics of single and coupled QDs embedded in these systems. The key 
device figures of merit are found to be comparable with idealized models of traditional slab PC devices, but several 
notable advantages.    

[1] V.S.C. Manga Rao and S. Hughes, Phys. Rev. Lett. 99, 193901 (2007).
[2] M. Patterson, S. Hughes, S. Combie et al., Phys. Rev. Lett. 102, 253903 (2009).
[3] J.-C. Harmand et al., Proc. SPIE 7222, 722219 (2010).
[4] Gabriele Bulgarini et al., Nature Communications 3, 737 (2012)
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(DESIGN.29.P.50.71)    Effect of the double dopants and interfacial mixed layer improving efficiency roll-off 
in blue phosphorescent OLED

Seung Il Yoo1, Ju-An Yoon1, Jin Wook Kim1, Jin Sung Kang1 and Woo Young Kim1,2 *
1 Department of Green Energy & Semiconductor Engineering, Hoseo University, Asan, South Korea

 2 Department of Engineering Physics, McMaster University, Hamilton, Canada

The efficiency of the blue phosphorescent organic light emitting diode(PHOLED) decreases rapidly with increasing 
current density according to their roll-off property. It has been demonstrated that the major factors attributing to 
the efficiency roll-off are triplet-triplet annihilation(TTA) and triplet-polaron quenching(TPQ). Especially TTA is 
related to a long radiative lifetime of triplet exciton and a high exciton concentration in a recombination zone. 
We fabricated blue PHOLED with double phosphorescent dopants in emissive layer(EML) and interfacial mixed 
layer(IML) to suppress efficiency roll-off at higher current density. To investigate the effect of double phosphorescent 
dopants in single EML, we selected two well-known blue phosphorescent dopants of Bis[2-(4,6-difluorophenyl)
pyridinato-C2,N](picolinato)iridium(III)(FIrpic) and Bis (2,4-difluoro phenyl pyridinato) tetrakis (1-pyrazolyl) 
borate iridium(III)(FIr6) currently used in blue PHOLED research. And IML is mixture of same material used in 
electron transport layer(ETL) and host material in EML. The ETL and host materials are 1,3-Bis(N-carbazolyl)
benzene(mCP) and 1,3,5-tris(N-phenylbenzimiazole-2-yl)benzene(TPBi). 

Generally, triplet excitons formed in the EML don’t emit quickly due to their long lifetime and became saturated to 
make decrease of luminous efficiency even if increasing current density. To solve this problem, the double dopants 
were applied for increasing a number of chromophores without concentration quenching. Also, we used the IML to 
eliminate injection barriers and balance the charge carriers in EML. Efficiency roll-off of the devices with double 
dopants only (Firpic 8 %, FIr6 4 %) and double dopants as well as IML are improved 14.5 % and 26.5 % respectively 
comparing to the device with single dopant (doped Firpic 8%) at the range of current density of 50 to 100 mA/cm2. 
Blue PHOLEDs with double dopant and IML achieves better electrical performance without additional function 
layers. We have completed additional experiments for various thicknesses of IML and using the different dopant 
materials to show the improvement of PHOLED’s luminous efficiency roll-off property eventually.

(DESIGN.29.P.50.72)    Improved luminous efficiency of blue phosphorescent organic light-emitting diodes 
with high triplet energy interlayer

Jin Sung Kang1, Ju-An Yoon1, Nam Ho Kim1, Seung Il Yoo1, Jin Wook Kim1, 
Chang-Bum Moon1and Woo Young Kim 1,2 *

1Department of Digital Display Engineering, Hoseo University, Asan 336-795, South Korea
2Department of Engineering Physics, McMaster University, Hamilton Ontario L8S 4L7, Canada

Highly efficient blue phosphorescent organic light-emitting diodes (PHOLEDs) with an exciton-confining structure 
were fabricated and investigated their electro-optical characteristics such as current density, luminous efficiency and 
color coordinates. We found the effect of interlayer with high triplet energy to enhance triplet exciton confinement 
in the emissive layer(EML). Luminous efficiency of blue PHOLEDs can be significantly improved by inserting 
interlayers at the interface of the hole transporting layer (HTL)/EML/electron transporting layer (ETL). N,N'-Di-[(1-
naphthyl)-N,N'-diphenyl]-1,1'-biphenyl)-4,4'-diamine(NPB) and 4,4'-Cyclohexylidenebis [N,N-bis(4-methylphenyl)
benzenamine](TAPC) used for interlayer have 2.3 eV and 2.9 eV of triplet energy and 1,3,5-Tri[(3-pyridyl)-phen-
3-yl]benzene (TmPyPb) as the ETL material, and 8-Hydroxyquinolinolato-lithium (Liq) as the EIL, respectively. 
Blue light-esmitting iridium(III) bis [4,6-di-fluorophenyl_-pyridinato-N,C2’] picolinate(FIrpic) was doped in an 
3,5’−N,N’-dicarbazole-benzene (mCP) of host material in EML and hole transporting materials with high triplet 
energy were introduced between the HTL and the EML as interlayers in order to confine triplet excitons.

Blue PHOLED devices is composed of ITO(180 nm) / NPB(70 nm) / TAPC(1.5 nm) / mCP:FIrpic-8%(30 nm) 
/ TmPyPb(30 nm) / Liq(2 nm) / Al(120 nm) using TAPC for interlayer. Maximum Luminous efficiency of this 
PHOLED are 4.98 cd/A more enhanced than 31.23 cd/A of non-interlayer devices while other PHOLED with 
structure of ITO(180 nm) / TAPC(70 nm) / NPB(1.5 nm) / mCP:FIrpic-8%(30 nm) / TmPyPb(30 nm) / Liq(2 nm) / 
Al(120 nm) using NPB for interlayer showed 6.67 cd/A of maximum luminous efficiency more reduced than 39.28 
Cd/A of non-interlayer device. We also demonstrate that the luminescence efficiency of blue PHOLEDs can be 
significantly enhanced by optimizing inter layers thickness at the HTL/EML interface.
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(DESIGN.29.P.50.73)    Accelerated simulation of Optical Coherence Tomography of objects with arbitrary 
spatial distributions

Mauricio R. Escobar I.1, Siavash Malektaji1, Ivan T. Lima, Jr.2, and Sherif S. Sherif1

1Department of Electrical and Computer Engineering, University of Manitoba, Winnipeg, MB, Canada, 
2Department of Electrical and Computer Engineering, North Dakota State University, Fargo, ND, U.S.A.

We developed a highly parallel simulator of Optical Coherence Tomography (OCT) of objects with arbitrary spatial 
distributions. This Monte Carlo method based simulator models the object as a tetrahedron-based mesh [1], and 
implements an advanced importance sampling scheme [2]. This new simulator is necessary, as its previous serial 
CPU based implementation requires approximately 360 hours to simulate OCT imaging of a single B-scan [3]. 
We implemented this new simulator on Graphics Processing Units (GPUs) using the Compute Unified Device 
Architecture (CUDA) platform and programming model by NVIDIA. We demonstrated that our new simulator 
requires at least two orders of magnitude less time, compared to its serial implementation, to simulate OCT images. 
Our new parallel OCT simulator could be an important and practical tool to study different OCT phenomena and to 
design novel OCT systems with superior imaging performance. 

[1]H. Shen and G. Wang, “A tetrahedron-based inhomogeneous Monte Carlo optical simulator,” Physics in medicine and 
biology, pp. 947-962, 2010.
[2] I. Lima, A. Kalra and S. Sherif, “Improved importance sampling for Monte Carlo simulation of time-domain optical coherence 
tomography,” Biomedical Optics Express, vol. 2, no. 5, pp. 1069-1081, 2011.
[3] S. Malektaji, I. Lima and S. Sherif, “Monte Carlo simulation of optical coherence tomography for turbid media with arbitrary 
spatial distributions,” accepted for publication in Journal of Biomedical Optics, (Feb. 2014).  

(DESIGN.29.P.50.74)   Theoretical Sensitivity Analysis of Quadruple Vernier Racetrack Resonators  
                              Designed for Fabrication on the Silicon-On-Insulator Platform

Robert Boeck1 , Lukas Chrostowski1, and Nicolas A. F. Jaeger 1

1Department of Electrical and Computer Engineering, University of British Columbia, Canada, V6T 1Z4

Vernier racetrack resonators offer advantages over single racetrack resonators such as extending the free spectral 
range (FSR) [1-3]. Here, we present a theoretical sensitivity analysis on quadruple Vernier racetrack resonators based 
on varying, one at a time, various fabrication dependent parameters. These parameters include the waveguide widths, 
heights, and propagation losses as well as the lengths of two of the resonators. We have shown that it should be 
possible to design devices that meet commercial specifications while being tolerant to changes in these parameters. 
As designed, our devices have FSRs greater than the span of the C-band, drop port insertion losses smaller than 
1.2 dB [4], drop port non-adjacent channel isolations greater than 40 dB [4], drop port adjacent channel isolations 
greater than 25 dB [4], drop port ripples smaller than 0.3 dB [4], express channel isolations greater than 25 dB [4], 
and express channel (through port) insertion losses smaller than 1 dB [4]. We have shown that we can design a 
device with waveguide widths of 502 nm and heights of 220 nm that is tolerant to +/-8 nm changes in the widths of 
the waveguides. Then, one at a time, we varied the waveguide height and propagation loss as well as the lengths of 
the two resonators. While the device was only tolerant to changing the lengths of two of the racetrack resonators by 
-0.386 nm and +0.476 nm, it was tolerant to a +/-10 nm change in height and tolerant to propagation losses up to 4.7 
dB/cm.

[1] O. Schwelb, “The nature of spurious mode suppression in extended FSR microring multiplexers,” Opt. Commun., vol. 271, 
no. 2, pp. 424–429, Mar. 2007.
[2] C. Chaichuay, P. P. Yupapin, and P. Saeung, “The serially coupled multiple ring resonator filters and Vernier effect,” Opt. 
Appl., vol. 39, no. 1, pp. 175–194, Mar. 2009.
[3] R. Boeck, L. Chrostowski, and N. A. F. Jaeger, “Thermally tunable quadruple Vernier racetrack resonators,” Opt. Lett., vol. 
38, no. 14, pp. 2440–2442, Jul. 2013.
[4] “100 GHz Single Channel OADM (2x2),” AC Photonics, Inc. 
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(GREEN.29.25.1)   High Efficiency Photovoltaics

Rafael Kleiman
Department of Engineering Physics, McMaster University, Canada

I will provide an overview of solar cell technologies in use or under development today and current trends in the 
field.  This will provide a context for a review of the two major research directions undertaken in my group; light 
trapping for thin silicon solar cells and silicon-based multi-junction solar cells. Advanced light trapping methods 
are used to increase the optical absorption in silicon cells, particularly near the bandgap where the absorption is 
weak.  As a result, substantially thinner silicon cell dimensions can be used, saving most of the silicon material cost.  
Silicon-based multi-junction solar cells offer an alternate route to high efficiency cells at lower cost than monolithic 
multi-junction devices.  These allow for the incorporation of novel top cells with favorable bandgap combinations.  
This approach is likely to find the most suitable application in intermediate concentration systems.

(GREEN.29.25.2)    Near-infrared-Responsive Solar Cells based on Semiconductor  
              and Plasmonic Nanostructures

Dongling Ma
Institut national de la recherche scientifique (INRS), Varennes, Quebec, Canada

 
Most currently available solar cells are only able to strongly absorb “visible” photons, while leaving about 50% of 
the solar energy in the near infrared (NIR) region untapped. Harvesting NIR photons thus represents an attractive 
approach to improve the power conversion efficiency of photovoltaics (PVs). In this talk, I will present some of our 
most recent development in the NIR quantum dots (QDs), such as PbS QDs and PbS@CdS QDs, and their application 
in PVs [1-7]. One example is about the controlled hybridization of NIR PbS QDs with carbon nanotubes (CNTs) 
and their further integration into poly(3-hexylthiophene), which is a hole-transporting polymer. The nanohybrid 
cells show considerably enhanced power conversion efficiency, which is attributed to the significantly extended 
absorption in NIR by PbS QDs and the effectively enhanced charge transportation due to CNTs. 

On the other hand, plasmonic nanostructures have been recently explored for enhancing the efficiency of solar cells. 
Our recent work on some interesting plasmonic nanostructures (such as Ag nanorice and nanocarrots) that have 
strong resonances in the NIR regime [8-9], and their application in solar cells will be briefly highlighted. 

Solution processed heterojunction inorganic solar cells based on TiO2 nanorods and NIR QDs will also be briefly 
introduced [10].

[1] D. Wang, (et al.), D. Ma, Adv. Funct. Mater, 21, 4010 (2011). 
[2] H. Zhao, H. Liang, B. A. Gonfa, M. Chaker, T. Ozaki, P. Tijssen, F. Vidal, and D. Ma, Nanoscale, 2014, accepted (Back 
Cover).
[3] I. Ka, V. Le Borgne, D. Ma, M. A. El Khakani, Adv. Mater. 24, 6289 (2012); Frontispiece Cover.
[4] H. Zhao, M. Chaker, N. Wu, D. Ma, J. Mater. Chem., 21, 8898 (2011); highlighted at http://blogs.rsc.org/jm/.
[5] H. Zhao, D. Wang, T. Zhang, M. Chaker, D. Ma, Chem. Commun. 46, 5301 (2010).  
[6] D. Wang, (et al.), D. Ma, J. Phys. Chem. Lett. 1, 1030 (2010).
[7] F. Ren, H. Zhao, F. Vetrone, D. Ma, Nanoscale, 5, 7800 (2013).
[8] H.  Liang, D. Rossouw, H. Zhao, S. K. Cushing, H. Shi,  A. Korinek, H. Xu, F. Rosei, W. Wang, N. Wu, G. A. Botton,  D. 
Ma, J. Am. Chem. Soc., 135, 9616 (2013).
[9] H. Liang, H. Zhao, D. Rossouw, W. Wang, H. Xu, G. A. Botton, D. Ma, Chem. Mater. 24, 2339 (2012).
[10] B. A. Gonfa, (et al.), D. Ma, Solar Energy Materials and Solar Cells, 2014, In press.
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(GREEN.29.25.3)   Thermal conduction control by phonon-band engineering and  
application to thermoelectrics

  
Masahiro Nomura

Institute of Industrial Science, the University of Tokyo, Japan
Institute for Nano Quantum Information Electronics, the University of Tokyo, Japan

There are some physical similarities in photonics and phononics; photon and phonon transports can be coherently 
controlled by periodic nanostructures. However, coherent manipulation of phonon transport is complicated due to 
dispersive characteristics. In this paper, we discuss how the phonon transport can be controlled by band engineering 
using phononic crystal (PnC) nanostructures and application to thermoelectrics is discussed.

Si nanowires and a PnC nanostructure were fabricated and their thermal conductivities are optically investigated. 
The PnC nanostructure showed reduced thermal conductivity compared with a nanowire with a corresponding width. 
A phononic band diagram was calculated for a one-dimensional (1D) PnC nanostructure with a period of 100 nm 
and a wide phononic band gap opens [Fig. (a)]. The thermal conductivities of the fabricated Si nanostructures were 
investigated optically by time-domain thermoreflectometry (TDTR) and the TDTR traces were fit by theoretical 
mode [Fig. (b- d)]. A lower thermal conductivity was observed for the 1D PnC nanostructure.

Photon transport control by phononics can be applied to thermoelectrics, which is one of the key energy conversion 
technologies for sustainable energy society.

Figure (a) Calculated phononic band diagram for a PnC with a period of 100 nm. (b) SEM image of an air-suspended 
Si island supported by PnC nanostructures. (c) Simulation model for TDTR signal. (d) Measured and simulated 

TDTR signals. (e) Thermal conductivities of Si nanowires and the PnC nanostructure.

(GREEN.29.25.4)   Investigation of aluminium and silver nanocubes for plasmonic  
                   enhancement of amorphous silicon solar cells

Ryan Veenkamp1 and Winnie Ye 1

1Department of Electronics, Carleton University, 1125 Colonel By Dr., Ottawa, K1S 5B6, Canada

Thin-film solar cells are an increasingly important part of the solar energy mix, but finding ways to increase photon 
path length and thus probability of photon absorption has been a challenge, and limiting factor, towards high 
efficiency thin-film solar cells. Plasmonic metal nanoparticles (MNPs) have proven to be an effective solution for 
light scattering and path length enhancement at longer wavelengths in the near infrared. However, while commonly 
used silver (Ag) MNPs are shown to increase light absorption in this wavelength region due to the plasmon resonance, 
they also reduce the light absorption in the visible spectrum due to parasitic absorption and backscattering of incident 
radiation. Thus the plasmon resonance from Ag nanoparticles is both a benefit and detriment to performance as 
light at lower frequencies is scattered into the absorber layer, while light coupling to the plasmon resonance is 
lost to parasitic absorption. A solution is to use aluminium (Al) MNPs with a plasmon resonance in the ultraviolet 
region instead, which will reduce parasitic absorption and backscattering as the resonance is outside of the incoming 
solar spectrum wavelengths. In addition, the most common MNP shape is hemispherical due to ease of fabrication; 
however, these are not the most efficient shapes when considering aluminium MNPs. We show that nanocubes have a 
much higher scattering cross-section than hemispheres, and are potentially much more effective as scattering objects. 
We design a 240nm thin-film amorphous silicon (a-Si) solar cell in the p-i-n configuration with ITO top contact. 
All nanoparticles are assumed to be on the top surface of the cell.  Al and Ag nanohemispheres and nanocubes are 
compared for thin-film solar cell enhancement. We show that Al nanocubes provide the largest enhancement in light 
absorption, short circuit current and cell efficiency over other shapes and materials when integrated onto the top 
surface of thin-film a-Si solar cells.
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(GREEN.29.25.5)   Nanoplasmonic Approaches to Enhanced Light-Matter Interaction  
with Harvesting Applications

Reuven Gordon*
Department of Electrical Engineering, University of Victoria, Victoria, B.C., Canada 

*rgordon@uvic.ca

There has been continued interest in enhanced photovoltaic absorption enabled by nanoplasmonics [1]. The 
challenge is to increase absorption efficiency while mitigating metal losses. For some cases, where the electronic 
transport length is much less than absorption length, nanoplasmonic structures can assist in the overall photovoltaic 
conversion. For example, we have investigated metal-film over nanosphere structures as a low cost approach to 
enhancing absorption in P3HT with a 7-fold increase in the peak absorption [2]. Recently, we have been considering 
metal aperture structures, where the scattering cross section exceeds the single channel limit. This is significant 
because even the best nanoplasmonic structures only achieve less than half the single channel limit in their scattering 
cross section [3]. Such enhancements are promising to achieve near-optimal light matter interaction for enhanced 
photovoltaics.

[1] Green, Martin A., and Supriya Pillai. “Harnessing plasmonics for solar cells.” Nature Photonics 6.3 (2012): 130-132.
[2] Pang, Yuanjie, and Reuven Gordon. “Gigantic absorption enhancement using nanostructured metal films: application to 
organic solar cells.” Photonics North 2010. International Society for Optics and Photonics, 2010.
[3] Husnik, Martin, et al. “Quantitative experimental determination of scattering and absorption cross-section spectra of 
individual optical metallic nanoantennas.” Physical Review Letters 109.23 (2012): 233902.

(GREEN.29.30.1)   Towards Electrolyte Gated Organic Light Emitting Transistors: Sub-1 V Polymer 
                         Transistors with High-Surface Area Carbon Gate Electrodes

 Jonathan Sayago1, Francis Quenneville,1 Xiang Meng,1Fabio Cicoira1, Francesca Soavi2, Clara Santato1

 1 École Polytechnique, Mtl, QC, Canada.
2 Università di Bologna, Bologna, Italy.

Organic Thin Film Transistors (OTFTs) are key elements for low-cost flexible electronics[1]. The replacement of 
conventional gate dielectrics (e.g. SiO2) with electrolytes as the gating medium is an effective approach to induce 
high charge carrier densities in the transistor channel upon application of relatively low electric biases, in the order 
of 1.5 - 4 V [2]. Further lowering of the operating voltage of electrolyte-gated transistors is possible by incorporating 
in the device structure low-cost, high-surface area carbon gate electrodes.

We report on electrolyte-gated transistors based on light-emitting thin films of poly[2-methoxy-5-(2-
ethylhexyloxy)-1,4-phenylenevinylene] (MEH-PPV) as the organic semiconductor, 1-ethyl-3-methylimidazolium 
bis(trifluoromethylsulfonyl)imide [EMIm][TFSI] as the ionic liquid gating medium, and high-surface area carbon 
gate electrodes operating at voltages lower than 1 V [3].

Electrochemical impedance spectroscopy and cyclic voltammetry measurements show the electrochemical stability 
of the high-surface area carbon gate electrode during transistor operation. Such stability dispenses the use of reference 
electrodes, permits to monitor the electrical potential in the transistor channel, and ensures the compatibility of the 
applied voltages with the electrochemical stability window of the electrolyte. 

[1] H. Klauk, Organic Electronics II, Wiley, 2012. [2] a) S. H. Kim, K. Hong, Wei Xie, K. Hyung Lee, S. Zhang, T. P. Lodge, 
C. D. Frisbie 25, 1822–1846, 2013. b) G. Tarabella, F. M. Mohammadi, N. Coppedé, F. Barbero, S. Iannotta, C. Santato and 
F. Cicoira, Chemical Science, 4, 1395-1409, 2013. [3] M. Lazzari, C. Arbizzani, F. Soavi, M. Mastragostino, Supercapacitors, 
Wiley, 2013.
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(GREEN.29.30.2)   Hybrid Blue Organic Light Emitting Diodes with Best Combination of Fluorescent and 
Phosphorescent Emitting Layer along with Inter-layer

Bo Mi Lee1, Seung Il Yoo2, Jin Sung Kang2, Ju An Yoon2, Woo Young Kim1,2*, Peter Mascher1**
1 Department of Engineering Physics, McMaster University, Hamilton, Canada

2 Department of Green Energy & Semiconductor Engineering, Hoseo University, Asan, Korea

Organic light-emitting diodes (OLEDs) are considered a promising technology for solid-state lighting and full 
color display applications; however, the performance of blue OLEDs is still insufficient compared to red and green 
emitting devices. 

In this study we designed blue OLEDs with both phosphorescent and fluorescent emitting layers (EML). In particular, 
the emitting region is composed of two different phosphorescent EMLs; p- and n-type host materials which are 
1,3-Bis(N-carbazolyl)benzene (mCP) and 1,3,5-tris(N-phenylbenzimiazole-2-yl)benzene (TPBi), respectively 
doped with Iridium (III) bis(4,6-difluorophenylpyridinato) picolate (FIrpic), and fluorescent EML with 4-bis(2,2-
diphenylyinyl)-1,10-biphenyl (DPVBi) doped with 4,4’-bis(9-ethyl-3-carbazovinylene)-1,1’biphenyl (BCzVBi). We 
demonstrate how electrical and optical characteristics are affected by the combination of p- or n-type host materials 
sandwiching the fluorescent EML.

The carrier flows are dependent on the types of phosphorescent host materials. When an n-type phosphorescent 
host material is located next to the electron transport layer (ETL), hybrid blue OLEDs show higher current density 
because the n-type material facilitates electron transport and typically the electrical properties of TPBi are better than 
that of mCP. On the other hand, when the n-type host material is placed beside the hole transport layer (HTL), hole 
mobility is slowed and holes tend to accumulate at the interface of the HTL and TPBi due to 0.8 eV of HOMO energy 
barrier. This tendency results in lowered current density and luminous efficiency while better color purity for blue 
emission is achieved. We also employ an interlayer with mCP between the fluorescent and phosphorescent EMLs 
to prevent triplet exciton quenching due to the lower triplet state of fluorescent emitters, which leads to improved 
device efficiency. This experiment may provide a route to improve blue OLEDs’ performance with phosphorescent 
and fluorescent hybrid EML. 

(GREEN.29.30.3)   Studying the optical properties of graphene composites and other 2D materials

Daniel Chua
Department of Materials Science and Engineering, National University of Singapore, Singapore

Graphene and 2D materials have attracted a tremendous amount of interest in the recent decade due to its one-of-a-
kind properties. With excellent yet unique electrical, mechanical and optical properties, these 2D structures has the 
potential to outperform current available materials in a wide range of applications which in this talk, pertaining to 
optical and photoluminescence properties. We shall like to show that these 2D structures like graphene and MoS2 can 
be deposited at low temperatures of 750oC using the pulsed laser deposition (PLD) technique. This forms the basis 
where (for example) graphene can be deposited on different templates where it can be exfoliated into flakes. Using 
various techniques, such as electrophoretic deposition, it can be used to spread them into large area substrates at 
room temperature. Furthermore, these techniques allow us to form hybrid composite materials such as ZnO/graphene 
nanomaterials, which gives rise to enhanced optical properties. In the case of 2D MoS2, we will demonstrate that 
we can obtain 650nm photoluminescence from hybrid carbon nanotube-MoS2 core-shell structures in addition to 
well-known 2D MoS2 materials.. 
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(GREEN.29.30.4)   Scanning near-field optical study of graphene layers decorated with copper  
                       nanoparticles for transparent thin film solar cell electrodes

Giovanni Fanchini
University of Western Ontario

Copper nanoparticles (Cu-np’s) have been synthesized by 13.56 MHz radio-frequency magnetron sputtering and 
subsequent annealing at 100-400 C on graphene thin films to be used as thin film electrodes for organic solar cells.  
Enhancement of the plasmonic waves associated light interaction with Cu-np’s on graphene has been measured 
using a three-dimeensional Scanning Near-Field Optical Microscopy (SNOM) technique. Samples with Cu-np’s 
approx. from 30 nm to 400 nm were investigated. The SNOM system used for this study consists in hollow atomic-
force microscope (AFM) cantilevers (with holes of less than 80 nm diameter) in which light at 532 nm and 405 nm 
could be focussed using an upright confocal microscope. The samples are positioned on a piezo-scanner and, after a 
first AFM and SNOM scan of the surface, they are retracted at increasing distances z from the tip to investigate the 
intensity of the near field above the surface. Bright and dark fringes corresponding to positions of enhancement and 
quenching of plasmonic waves were obtained and mapped in x-y plane at varying z from the graphene surface. The 
closest scattered wave enhancement was observed at distances of approx. 300 nm from Cu-np’s of 95 nm diameter. 
We showed that these positions can be down-shifted by incorporating on the Cu-np’s surface thin film spacers, 
also obtained by RF sputtering. The results show that the electromagnetic near-field enhancement dominates in the 
vicinity of the surface of Cu-np/SiO2 composite that extends up to 500 nm from the composite surface; as well as 
an increase in intensity of the scattered light wave. SNOM results have been used to optimize the light collection 
efficiency in polythiophene:fullerene bulk hetherojunction solar cells of different thickness with up to 20% relative 
enhancement in AM 1.5 photoconversion efficiency and to identify the optimal thickness of the active layers of these 
devices.

(GREEN.29.30.5)   Tessellated gold nanostructures from Au144(SCH2CH2Ph)60 molecular precursors and 
their use in organic solar cell enhancement

Reginald Bold
University of Western Ontario

We report for the first time on the fabrication of nanocomposite hole-blocking layers consisting of poly- 3,4-ethylene-
dioxythiophene:poly-styrene-sulfonate (PEDOT:PSS) thin films incorporating networks of gold nanoparticles 
assembled from Au144(SCH2CH2Ph)60, a molecular gold precursor. They can be reproducibly prepared on indium 
tin oxide by spinning Au144(SCH2CH2Ph)60 solutions in chlorobenzene, annealing the resulting thin film at 
400oC, and by subsequently spinning PEDOT:PSS on top. The use of our nanocomposite hole-blocking layers for 
enhancing the photoconversion efficiency of bulk heterojunction organic solar cells is also demonstrated. Varying 
the concentration of Au144(SCH2CH2Ph)60 in the starting solution and the annealing time, different morphologies 
of gold nanostructures can be obtained, from individual nanoparticles (Au NPs) to tessellated networks of gold 
nanostructures (TessAu NPs). Improvement in organic solar cell efficiencies up to 10% relative to a reference cell is 
demonstrated with TessAu NPs embedded in PEDOT:PSS.

SEM images of Au NP films treated under varying annealing times at 400°C. a) Pre-annealed state b) 9 min. annealing 
c) 72 min annealing, d) 132 min annealing. Highlighted is a cluster of NPs coalescing into a larger particle. Longer 
annealing times lead to TessAu NPs. e) Particle size distributions measured on the SEM images

Diagram showing the solar cell architectures used in this work a) using tessellated gold nanoparticles in PEDOT:PSS 
and b) individual gold nanoparticles in PEDOT:PSS. Scale bars in the SEM images on the right are 200 nm.
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(GREEN.29.30.6)    Colloidal and non-colloidal quantum dots for light harvesting in excitonic solar cells

Alberto Vomiero1

1National Research Council, CNR-INO, Via Branze 45, 25123 Brescia, Italy 
Email: alberto.vomiero@unibs.it, web site: http://sensor.ing.unibs.it

Due to their unique optical features, semiconductor quantum dots (QDs) are often presented as the ultimate frontier 
as sensitizers for photoelectrochemical solar cells and LEDs. [1]

In excitonic solar cells, the QD absorbs the incident radiation, an exciton is created, and charge separation occurs at 
the interface between the QD and the electron transporter (typically a wide bandgap semiconductor).

The control and proper modulation of exciton dynamics is critical in determining the performance of the device by 
regulating charge generation, separation and collection, and intense research is developed to optimize the matching 
between QDs and wide bandgap semiconductors (TiO2, ZnO, SnO2 among the most applied). [2]

Up to now, the most interesting results in terms of device performances have been obtained by using poly-dispersed, 
in situ generated QDs by means of successive ionic layer absorption and reaction (SILAR) technique. This approach 
allows obtaining naked QDs directly grown on the porous structure of the metal oxide photoanodes, thus guaranteeing 
an intimate contact between the two interfaces. Moreover, the deposition of networks of QDs presenting absorption 
features able to collect a wider region of the solar spectrum is possible by tuning the composition of QDs using mixed 
systems (like, for instance, CdS and PbS QDs). [3,4]

We will present an overview of photoelectrochemical systems composed of metal oxide semiconducting photoanodes 
sensitized with semiconducting QDs and we will discuss possible strategies to tailor the optical properties of the 
system to maximize its photoconversion efficiency.

  

Fig1. (a) Band structure of bulk TiO2, CdS, and CdSe and PbS quantum dots. (b) Colour of TiO2 photoanodes after 
uptakes of SILAR cycles of different QD compositions (the numbers indicate the number of cycles for each QD 

material). (c) External quantum efficiency of QD solar cells, in which QDs of different compositions are applied.

[1] A. Luque, A. Marti, A.J. Nozik, MRS Bull. 1, 246 (2007).
[2] H. Zhao et al., Nanoscale accepted
[3] A. Braga et al., J. Phys. Chem. Lett. 2, 454 (2011).
[4] I. Concina et al., Nano Energy in press

(GREEN.29.30.7)   Porous Nanowire Assemblies on Graphene for Dye-Sensitized Solar Cells

Prof. Paul A. Charpentier
Department of Chemical and Biochemical Engineering, Faculty of Engineering,

University of Western Ontario, London, Ontario Canada, N6A5B9

Tremendous interest exists towards synthesizing nanoassemblies for dye-sensitized solar cells (DSSCs) using earth 
abundant and friendly materials with green scalable approaches.[1] Traditional approaches towards nanowires 
prevent multi-metallic nanowires, give low surface areas, and give a lack of surface chemistry for decorating 
nanoparticles. Supercritical CO2 (scCO2) is an enabling solvent to overcome several of these challenges  for the 
synthesis of nanomaterials and nanodevices due to its low viscosity, high diffusivity, and “zero” surface tension [2].  
This work focused on synthesizing titanium dioxide porous and metal-doped titanium dioxide nanowires and tubes 
from graphene surfaces using scCO2. [3,4]. Graphene was examined as a catalyst mat for DSSC assemblies while 
quantum dots were decorated on the TiO2 nanowires.

The results showed that undoped and doped (Fe, Zr, various quantum dots) TiO2 nanowires were grown on 
the surface of graphene sheets using a sol-gel method in scCO2, which helped exfoliate graphene sheets. TiO2 
nanowires less than 40 nm (when scCO2 was used as a solvent) were uniformly decorated on the graphene sheets, 
in which surface -COOH functionalities acted as a template for nanowire growth. A variety of bi and trimetallic 
nanowires were synthesized, giving enhanced optical properties and photoefficiencies in DSSCs. Fe and Zr doped 
TiO2 nanowires grown on graphene showed smaller crystal sizes, gave higher visible absorption and surface areas, 
and higher efficiency solar cells (>4% efficiency).[5]  HRTEM images confirmed formation of porous nanowires 
with high aspect ratios and high metal dispersion using XPS. EELS mapping showed high dispersion of bimetallic 
and multi-metallic wires that could be connected directly to graphene assemblies.  Higher surface areas of bimetallic 
and multi-metallic nanowires on graphene were found to  enhance the electron-hole separation while reducing the 
band gap of the nanowires making them a potential for DSSCs. [3]. Theoretical band structures of assemblies were 
studied using the Vienna ab-initio Simulation Package (VASP) based on the Density Functional Theory (DFT).  
Functionalized graphene sheets decreased significantly the band gap but increase the binding energy values due to 
carboxylate adsorption sites, hence enhancing DSSC performance.[5]

1) Oudel, P., & Qiao, Q. (2012). One dimensional nanostructure/nanoparticle composites as photoanodes for dye-sensitized solar 
cells. Nanoscale, 4(9), 2826-2838.  
2) R. Sui, Paul A. Charpentier*, Synthesis of Metal and Silicon Oxides Nanostructures by Direct Sol-Gel Reactions in 
Supercritical Fluids, Chem. Rev., (2012), 112(6), 3057-3082.. 
3) Nasrin Farhangi, Yaocihuatl Medina-Gonzalez , Rajib Roy Chowdhury, and Paul A. Charpentier, Using Supercritical CO2 
for growing TiO2/Graphene Nanoassembles: Synthesis and Photocatalytic Effect, Nanotechnology (2012), 23(29), 294005/1-
294005/12. 
4) Nasrin Farhangi, Rajib Roy Chowdhury, Yaocihuatl Medina-Gonzalez, Madhumita B. Ray and Paul A. Charpentier Visible 
light active Fe doped TiO2 nanowires grown on Graphene using Supercritical CO2, Applied Catalysis B: Environmental 110 
(2011) 25– 32.
5) Ayissi, Serge; Charpentier, Paul; Farhangi, Nasrin; Wood, Jeffery; Palotás, Krisztián; Hofer, WernerInteraction of Titanium 
Oxide Nanostructures with Functionalized Graphene Sheets: A DFT Study, J. Phys Chem. C (2013) Submitted.
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(GREEN.30.35.1)   CuInS2-based semiconductor electrodes for the development of homojunction solar cells

Mary Hanna1, Antoine Bolduc2, Jonathan Sayago3, Clara Santato3, Ricardo Izquierdo2 and Benoît Marsan1

1 Département de chimie, UQAM, Canada, 2 Département d’informatique, UQAM, Canada, 3 Département de génie 
physique, École Polytechnique de Montréal, Canada

One of the most promising semiconductor materials for photovoltaic applications is CuInS2 (CIS). The main 
advantages of this material are its optimal direct band gap energy of 1.5 eV as well as its high absorption coefficient 
(105 cm-1 at 730-750 nm), which allows the use of thin films. Recently, our laboratory discovered a simple colloidal 
method to prepare crystalline CIS particles that can be deposited as a thin film on a suitable substrate [1]. As indium 
is a relatively rare and expensive element, its partial substitution for aluminum, a more abundant and less expensive 
element, was undertaken. This project aims at developing low-cost, efficient and stable thin-film homojunction solar 
cells based on nano-structured Cu(In,Al)S2 (CIAS) semiconductors. In this work, n-type CIAS nanoparticles with 
various Al contents (0 to 50%) were synthesized, annealed and characterized in powder form as well as thin films (~1 
µm), prepared on fluoride-doped substrates using aerosol jet printing, to compare their crystalline, morphological, 
optical and electrical properties. The CIAS X-ray diffraction spectra reveal the presence of the desired CIS tetragonal 
chalcopyrite phase with higher crystallinity for the greater Al contents. The transmission electron microscopy images 
show that the particles are semi-spherical with a diameter larger than that of CIS, close to 20 nm. UV-Vis analyses 
reveal that the material bandgap energy increases non-linearly with the Al content from 1.5 eV (CIS) to 1.9 eV (50% 
Al). Electrochemical impedance spectroscopy measurements confirmed that the synthesized semiconductors are 
n-type materials with a majority charge carrier density decreasing with introduction of Al in the lattice. This work 
demonstrated that the presence of Al is modifying positively the CIS semiconductor properties.  

[1] F.M. Courtel, A. Hammami, R. Imbeault, R.W. Paynter, B. Marsan and M. Morin, Chem. Mater., 22, 3752-3761 (2010). 

(GREEN.30.35.2)   Recent advances in Colloidal Quantum Dot Photovoltaics

Michael M. Adachi and Edward H. Sargent
Department of Electrical and Computer Engineering, University of Toronto

10 King’s College Road, Toronto, Ontario, M5S 3G4,Canada

Colloidal quantum dots (CQDs) are nano-sized semiconductor crystals suspended in solution phase.  They have 
gained great interest in recent years due to solution-processability and wide-ranging spectral tunability afforded by 
quantum-size effects.  Solution-based processing facilitates the fabrication of low-cost, flexible, large-area, and highly 
scalable solar cells.  Tuning of the optical and electronic properties facilitates stacking multiple junctions on top of 
each other to maximize absorption of the solar spectrum.  Recent advances include improved surface passivation 
leading to a certified photovoltaic conversion efficiency of 7% and optimization of the charge-extraction electrode 
leading to a laboratory conversion efficiency of 8.5% under AM 1.5 simulated solar illumination. Other strategies for 
improving conversion efficiency include constructing a graded-doped, all-inorganic CQD device architecture, and 
enhancing light absorption by embedding plasmonic nanoparticles within the active layer.

 Currently, the highest efficiency CQD solar cells employ a depleted-heterojunction device architecture 
consisting of an n-type transparent metal oxide such as TiO2 which induces a depletion region in a p-type CQD 
layer. A new charge-extraction approach, consisting of a shallow work function transparent electrode and very thin 
TiO2 layer, was shown to deepen the depletion region and thereby improve charge extraction efficiency.  In an 
alternate device architecture, CQDs were tailored to be doped p-type and n-type to form an all inorganic, all CQD 
p-n junction solar cell. Incorporating a highly doped n+ CQD layer at the rear of the device improved open circuit 
voltage by improving built-in voltage, and also enhanced short-circuit current by enhancing the internal electric field, 
as compared to a non-graded-doping CQD solar cell device.  Finally, embedding Au-shell nanoparticles into the 
active layer of CQDs was shown to enhance light absorption by enhancing electric field near the surface of the Au 
nanoparticles and increasing far-field scattering in the CQD film.  Finite-difference-time-doman optical simulations 
were used to evaluate the potential absorption enhancement using different metal nanoparticles.  Experimentally, a 
short-circuit current enhancement of 13% was observed.
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(GREEN.30.35.3)   Lightweight Amorphous Silicon Photovoltaic Modules on Flexible Plastic Substrate

Andrei Sazonov

(GREEN.30.35.4)   High Efficiency Multi-Junction Solar Cell Designs and their Integration in  
High Concentration Solar Systems

Karin Hinzer1, Matthew M. Wilkins1, Anna, H. Trojnar1, Pratibha Sharma1, Christopher E. Valdivia1, John P.D. 
Cook1, Joan E. Haysom1, Henry Schriemer1 and Alex W. Walker1,2

1SUNLAB, Centre for Research in Photonics, University of Ottawa, Ottawa, ON, K1N 6N5, Canada 
2Fraunhofer - Institut für Solare Energiesysteme ISE, Freiburg, Germany

Presenting author’s email: khinzer@uottawa.ca

Standard (Al)InGaP/InGaAs/Ge designs seem close to reaching their best efficiencies at around 40% [1]. Therefore 
to further increase efficiencies and still keep costs low [2], novel 3- and 4-junction solar cells under concentration are 
one of the key elements to make concentrated photovoltaic systems the lowest cost technology option. We discuss 
the advantage of various material systems to reach these efficiencies while taking into account growth times, material 
costs, scaling, and complexity of design.

For thin designs, requiring crystal growth material thicknesses of around 5 microns, a 4-junction Ga0.5In0.5P/
Al0.05Ga0.95As/InGaAsN/Ge solar cell design is proposed with a 0.96 eV dilute nitride sub-cell. The cell design 
is optimized in terms of sub-cell band gaps and thicknesses, and we find that reducing the thickness of InGaAsN 
provides greatly reduced sensitivity to background doping, as well as an improvement in the fill factor of the InGaAsN 
sub-cell. The use of GaAs for the front and back surface field rather than GaInP, helps to avoid potential barriers that 
inhibit carrier collection under high concentration. We find that luminescent coupling greatly affects the performance 
of a four-junction device by providing a 60 mV increase in the open-circuit voltage of the III-V sub-cells, and a 0.7% 
enhancement in short-circuit current due to coupling from the front and back surface fields of the GaInP sub-cell into 
the absorber layer. This can lead to close to 45% efficient devices.

Alternatively, triple-junction metamorphic lattice mismatched designs are proposed where the bottom sub-cell is 
composed of either (1) the ternary alloy Ga0.7In0.3As, or a lower cost epitaxial material such as (2) CuInSe2 and (3) 
Si [3]. These subcells do not over produce significant photocurrent such as is the case on Ge-grown cells leading to 
more ideal current matching in the series-connected devices. To maximize crystalline material quality in the lattice-
mismatched subcell, presence of a compositionally graded buffer is required to lattice-match middle and bottom 
subcells. The cell efficiencies improve with the number and thickness of compositionally graded buffers. Lower 
threading dislocation densities are a critical factor for high concentration performance.

The optics of a concentrating photovoltaic system typically provides nonuniform illumination on the subcells, 
affecting current profiles and consequently system efficiency. Using a two-dimensional, distributed resistance model, 
we estimate the impact of nonuniform illumination and chromatic aberration on a lattice-mismatched, 3-junction 
solar cell and a lattice-matched, 4-junction solar cell.

1. A. W. Walker, O. Thériault, and K. Hinzer, Prog. Photovoltaics: Res. Appl. DOI: 10.1002/pip. 2487 (2014).
2. J. Haysom, O. Jafarieh, H. Anis, and K. Hinzer, 9th International Conference on Concentrating Photovoltaic Systems, 
Miyazaki, Japan, April 15-17, 2013.
3. M. Wilkins, A. Boucherif, R. Beal, J. E. Haysom, J. F. Wheeldon, V. Aimez, R. Arès, T. J. Hall, and K. Hinzer, IEEE J. 
Photovoltaics, 3(3), 1125-1131 (2013).
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(GREEN.30.35.5)   Polymer Solar Cells

Qiquan Qiao, Ph.D.
Department of Electrical Engineering and Computer Sciences, Center for Advanced Photovoltaics

SDEH 219, BOX 2222, South Dakota State University, Brookings, SD 57007
Qiquan.Qiao@sdstate.edu

Organic solar cells have the potential to spawn a new generation of light-weight, low-cost, and solar-powered 
products on thin and flexible substrates. Current energy conversion efficiency of 10.6% has been in reach.  New 
materials and device designs are still needed to further increase the efficiency and make this technology available 
for large-scale applications. In this talk, we will talk about the optimal bandgaps and energy levels (highest occupied 
molecular orbitals, HOMO, and lowest unoccupied molecular orbitals, LUMO) for significantly higher efficiencies 
in both single and multijunction organic solar cells.  The dependence of cell efficiency on the polymer bandgaps 
and energy levels in organic solar cells will be presented, which will provide guidance for the engineering of new 
conjugated polymers.  In addition, we will also discuss our recent work in polymer photovoltaics with top metal 
electrode deposited by solution-processing, benzothiadiazole based polymer for single and double junction solar 
cells with high open circuit voltage, and interplay of nanoscale domain purity and size on charge transport and 
recombination dynamics in polymer solar cells.

(HIGHPOWER.28.04.1)   Wakefield Acceleration of Femtosecond 100 MeV to GeV Energy  
Electron Bunches  

Robert Fedosejevs1 ,Mianzhen Mo1, Atif Ali1, Wojciech  Rozmus2, Paul-Edouard Masson-Laborde3, Sylvain 
Fourmaux4 Philip Lassonde4 and Jean-Claude Kieffer4

1Department of Electrical and Computer Engineering, University of Alberta, 
2Department of Physics, University of Alberta,

3CEA, DAM, Arpajon F-91297, France 
4INRS-EMT, Université du Québec

High intensity short pulse lasers are capable of producing extreme electromagnetic fields both directly within the 
focal spot region and also due to fields generated by collective motion of the electrons in underdense plasmas.  In 
particular, the ponderomotive force of the laser pulse can push aside electrons and create a positively charged wake 
behind the laser pulse.  The electric field gradients at the edge of the wake can reach 100’s of GeV per metre.  These 
extreme fields can be sustained for many times the Rayleigh length of the focus to several millimeter lengths due to 
relativistic self focusing of the laser pulse..   Electrons can be accelerated in such wakefield gradients up GeV energy 
levels while maintaining a bunch length of several femtoseconds.

Experiments have been carried out at the 200 TW ALLS laser facility at INRS in order to investigate the wakefield 
acceleration of electrons up to the GeV energy level. Different gases have been explored to establish the regimes of 
relativistic self focusing versus ionization defocusing. The use of different gas species also allows for the ionization 
injection of electrons near the peak of the laser pulse.   While direct laser wakefield acceleration should only lead 
to electron energies of the order of 500 MeV under the conditions employed, it was found that occasionally a small 
bunch of electrons could be accelerated to over twice this energy, indicative of an additional acceleration mechanism.  
One possible mechanism is the plasma wakefield acceleration of a secondary bunch of electrons by the primary 
bunch of electrons. Results of our studies to date will be presented.
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(HIGHPOWER.28.04.2)    Toward ion acceleration at high-repetition rate in low-density targets

J. Fuchs1, E. d’Humières2, M. Glesser1,3, P. Antici3,4, J.Boeker5, F. Cardelli4, S. N. Chen1, J.L. Feugeas2,  
F. Filippi4, M. Gauthier1, A. Lévy1, P. Nicolaï3, H. Pépin3, L. Romagnani1, M. Scisciò4, V.T. Tikhonchuk2,  

O. Willi5,  J.C. Kieffer3

1LULI, École Polytechnique, CNRS, CEA, UPMC, 91128 Palaiseau, France , 2Univ. Bordeaux, CNRS, CEA,  
CELIA, 33400, Talence, France , 3INRS-EMT, Varennes, Québec, Canada , 4Dipartimento SBAI, Università di 

Roma “La Sapienza” and INFN, Roma, Italy , 5Institut für Laser- und Plasmaphysik Heinrich Heine  
Universität Düsseldorf

This talk will review some recent results obtained in transiting from the common surfacic process of laser-acceleration 
of ions from solid foils to a volumetric one from low-density plasmas. This not only relaxes constraints on the 
laser and target parameters, but also allows moving toward high-repetition rate targetry better adapted to the next 
generation of high-power lasers. Next step experiments planned in 2014 will in this frame take advantage of newly 
developed high-density gas jet at LULI, which will be presented at well. 

(HIGHPOWER.28.04.3)   Versatile femtosecond laser fabrication of graphene micro and nano-disks using 
vortex Bessel beams

B. Wetzel1,2, C. Xie1, P-A. Lacourt1, J. M. Dudley1, and F. Courvoisier1

1 Institut FEMTO-ST, UMR-6174 CNRS, 16 Route de Gray, 25030 Besançon, France 
 2 INRS-EMT, 1650 Boulevard Lionel Boulet, Varennes (QC) J3X 1S2, Canada

Over the last decade, graphene has received an increasing interest due to its exceptional electronic and photonic 
properties [1]. More recently, graphene film spatial structuring has become highly desirable to enable new 
properties and associated applications such as complete optical absorption [2] and THz antennas [3]. Here, we 
report femtosecond laser fabrication of micro/nano-disks in single layer graphene (SLG) using spatially shaped 
Vortex Bessel beams (VBB) [4] where a high intensity annulus encloses a circular region with zero intensity. Taking 
advantage of both the non-diffractive nature of VBB (reducing constraint on sample positioning) and flexibility on 
beam shaping (controlling annular beam radius), we present the direct imprint of versatile circular layouts on SLG 
as shown in Fig. 1(a). We show that a chosen set of illuminations with different beam parameters allow to engineer 
isolated SLG disks with diameters ranging from 650 nm to 4 μm. The microdisks structural quality has been carefully 
characterized by confocal, scanning electron microscopy and μ-Raman spectroscopy (Fig. 1(b)) showing that the 
central SLG disks remain unaffected after structuring. State-of-art graphene structuring techniques and applications 
will also be discussed.

Figure 1: Example of SLG structure using multiple VBB exposures.
(a) Confocal microscopy image of graphene layout (blue) compared to targeted shape (white dashed lines). (b) 
Raman spectra obtained in various regions of the sample.

[1] A. K. Geim, Science, 324, 1530 (2009) ; [2] S. Thongrattanasiri, et al. Phys. Rev. Lett. 108, 047401 (2012) ; [3] P. Liu, et al. 
Appl. Phys. Lett. 100, 153111 (2012) ; [4] B. Wetzel, et al. Appl. Phys. Lett. 103, 241111 (2013).
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Recently, the FOPA concept has proven to overcome the universal dilemma of gain narrowing present in ultrashort 
laser amplifiers [1]. It rests upon spreading a broad input seed spectrum along the Fourier plane (FP) of a 4f setup 
where different frequencies can be amplified independently of each other in a parametric process. These results on 
high energy amplification (gain of 15) are complemented in the current work by realizing FOPA as high gain stage 
with > 2000 times amplification from nJ to the μJ level. With this work we like to highlight FOPA as a way to amplify 
high contrast laser pulses with a high gain (up to 12.000) without reduction of ps pulse contrast. Furthermore, FOPA 
bears the potential to increase the pre-pulse contrast upon amplification within the time window of the pump pulse 
as will be discussed at the conference.

With the experimental setup shown in figure 1a) we demonstrate high gain amplification by a factor of 2000 (red 
curve in figure 1b) without reduction of contrast which can be seen by comparison with the seed pulses (shaded gray).

Fig.1 a) Experimental setup showing the seeding of a 4f system with weak nJ level, 50fs pulses at 800nm wavelength 
pumped by ps frequency doubled 150μJ pulses in the Fourier plane. b) A 2000 fold amplification (red) shows no 
degradation of pulse contrast with respect to the seed beam around ±1ps (gray).

[1] B. E. Schmidt, N. Thire, M. Boivin, A. Laramée, F. Poitras, G. Lebrun, T. Ozaki, J. Kieffer, H. Ibrahim, and F. Légaré, 
“Fourier Plane Optical Parametric Amplification”, Nature Communications in press (2014).

(HIGHPOWER.28.04.5)   Spatiotemporal light bullets as polychromatic Bessel beams

Donatas Majus1, Gintaras Tamošauskas1, Ieva Gražulevičiūtė1, Nail Garejev1, Antonio Lotti2, Arnaud Couairon3, 
Daniele Faccio4, and Audrius Dubietis1

1Department of Quantum electronics. Vilnius University, Saulėtekio ave. 9, Building 3, LT-10222 Vilnius, Lithuania
2 Dipartimento di Scienza e Alta Tecnologia, Università degli Studi dell’Insubria, Via Valleggio 11, I-22100 Como, Italy

3 Centre de Physique Th´eorique, CNRS, Ecole Polytechnique, F-91128 Palaiseau, France
4 School of Engineering & Physical Sciences, Heriot-Watt University, Edinburgh, UK

We present a detailed experimental investigation, which uncovers the nature of spatiotemporal light bullets generated 
from self-focusing of intense femtosecond pulses in a bulk dielectric medium with Kerr nonlinearity in the anomalous 
group velocity dispersion (GVD) regime. Self-focusing dynamics of 100 fs pulses at center wavelength of 1.8 µm in 
sapphire was experimentally captured in detail in full four-dimensional (x,y,z,t) space by means of three-dimensional 
imaging technique. We demonstrate that the light bullets consist of a sharply localized high-intensity core, which 
carries the self-compressed pulse containing approximately 25% of the total energy and a weak, delocalized low-
intensity periphery, thus comprising a Bessel-like beam. We disclose that spatiotemporal reshaping of the input 
Gaussian wave packet results in development of a very distinct spatiotemporal flow of the energy within the bullet, 
that is not compatible with a soliton-like object, but rather finds a natural explanation in terms of a polychromatic 
Bessel beam with subluminally propagating envelope peak, which could be qualified as a nonlinear O-wave. As a 
consequence of this, the light bullets exhibit a rather remarkable behavior as they exit the sample and propagate in 
free space (air), i.e. in the absence of any nonlinear or dispersive effects: the bullets disperse temporally, yet continue 
to propagate with strongly suppressed diffraction. We expect that these important features are characteristic to an 
entire family of spatiotemporal light bullets, which are generated by femtosecond filamentation in bulk dielectric 
media with anomalous GVD and should be carefully accounted for their characterization as well as for building the 
basis for future applications that may require a simple setup for creating intense, temporally compressed and sub-
diffractive wave packets.
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(HIGHPOWER.28.04.6)   Generation of femtosecond electron pulses through the interaction of radially-
polarized laser beams with gases

Michel Piché1, Vincent Marceau1, Charles Varin2, and Thomas Brabec2

1Centre d’optique, photonique et laser, Université Laval, Québec, Qc G1V 0A6, Canada
2Center for Research in Photonics, University of Ottawa, Ottawa, On K1N 6N5, Canada

The acceleration of electrons by laser beams offers a compact and cost effective alternative to conventional linear 
accelerators.  In principle, the large electromagnetic fields carried by tightly focused laser beams allow to produce 
much larger acceleration fields than their radiofrequency counterparts.  However, the challenge in laser acceleration 
remains the phase matching between the accelerated electrons and the laser field; the large intensities achieved 
by the most intense laser pulses prohibit the use of guiding structures that could slow the phase of the laser field 
in such a way as to synchronize it to the electrons.  One avenue that has been largely explored in recent years is 
wakefield acceleration, where the laser field indirectly accelerate electrons through a plasma wave.  In our work, 
we have followed a different approach based on direct acceleration of electrons by the longitudinal electric field 
component of radially-polarized laser beams [1].  This scheme has been validated experimentally [2] and it offers 
the perspective of producing electron pulses shorter than one optical cycle.  In this presentation, we will describe 
the results of numerical simulations of the interaction between intense and few-cycle radially-polarized laser beams 
and gas targets [3].  The simulations are based on a PIC code that allows monitoring the  electron dynamics, starting 
from atomic ionization up to acceleration to relativistic velocities.  Our theoretical results indicate that the duration 
of electron pulses could be as short as one femtosecond.  We will also discuss the possibility of using such electron 
pulses for ultrafast electron imaging.

[1] C. Varin and M. Piché, Phys. Rev. E 74, 045602(R) (2006).
[2] S. Payeur, S. Fourmaux, B. E. Schmidt, J.-P. MacLean, C.Tchervenkov, F. Légaré, M. Piché, and J.-C. Kieffer, Appl. Phys. 
Lett. 101, 041105 (2012)
[3] V. Marceau, C. Varin, T. Brabec, and M. Piché, Phys. Rev. Lett. 111, 224801 (2013)

(HIGHPOWER.28.11.1)   Broadband High Flux Isolated Attosecond Pulses

Zenghu Chang
Institute for the Frontier of Attosecond Science and Technology (iFAST), 

CREOL and Department of Physics,
University of Central Florida, Orlando, FL, USA

Zenghu.chang@ucf.edu

The success of the developing attosecond light sources since 2001 has been built upon high order harmonic generation 
process first discovered in late 1990s.  When a femtosecond Ti:Sapphire laser beam with an intensity of  1014 W/
cm2 interacting with noble gas atoms, a broad plateau  appears in the harmonic spectra, where the intensity of the 
harmonics does not change much with the harmonic order. It is now known that such a spectrum responding to a 
train of attosecond pulses. Attosecond pulses have enabled the study of electron-electron interaction on its natural 
time scale for the first time. For pump-probe experiments to time-resolve the electron dynamics, single isolated 
attosecond are desirable. Ideally, two isolated attosecond pulses with variable delay should be used, which is yet 
to be demonstrated.   Various switching methods have been invented to extract a single attosecond pulse from an 
attosecond pulse train. We demonstrated that the Double Optical Gating is a powerful sub-cycle optical switch for 
generating broadband single isolated attosecond pulses with high flux, which takes advantage of the plateau region 
of high harmonic spectrum. Pulses as short as 67 as have been generated with this method. 

Double Optical Gating can be implemented with multi-cycle lasers directly from Ti:Sapphire chirped pulse amplifiers 
to increase the flux of attosecond pulse. We have developed a Ti:Sapphire laser system that is capable of producing 
sub-14 fs pulses with more than 300 mJ energy at 800 nm. Attosecond XUV continua with more than 100 nJ at 35 eV 
have been generated by driving the Generalized Double Optical Gating with this laser.  We are currently constructing 
a 200 TW driving laser to increase the XUV energy by another order of magnitude for demonstrating attosecond 
pump-attosecond probe experiments.  This material is based upon work supported by Army Research Office, the 
National Science Foundation under Grant Number 1068604, and the DARPA PULSE program by a grant from 
AMRDEC.
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(HIGHPOWER.28.11.2)   Laser-induced Electronic Wave Packets as a Sub-nanometer and  
                             Sub-femtosecond Probe

Antoine Camper
Ohio State University

Imaging techniques using matter waves offer sub-nanometric precision from lower energy particles than the ones 
relying on light waves. However the temporal resolution of this kind of probes is often limited by space charge effects 
(100 femtosecond for electron waves). Laser-induced Electronic Wave Packets (LIEWP) allows a significant increase 
in temporal resolution. In fact having only one electron in each LIEWP suppresses the space charge limitation and 
allows one to resolve sub-femtosecond dynamics. Alternately, one-electron LIEWP can be prepared from atomic or 
molecular species submitted to intense Infra-Red (IR) femtosecond laser pulses. To extract the atomic-scale structural 
and dynamical information with this technique, several phenomena involving LIEWP can be studied. These processes 
are mainly Laser-Induced Electron Diffraction, High-order Harmonic Generation and Electron Holography.  In this 
talk we will focus on recent advances in imaging ultra-fast dynamics in molecules using mid-IR laser sources. In 
particular we will show the benefits of longer laser wavelength in resolving ever smaller details of matter.

(HIGHPOWER.28.11.3)   6mJ 2-cycle pulses at 1.8μm by hollow-core fiber compression

Vincent Cardin,1 Bruno E. Schmidt,1,2 Nicolas Thiré,1 Vincent Wanie1 and François Légaré,1

1Institut National de la Recherche Scientifique, Centre Énergie Matériaux et Télécommunications, 1650 Boulevard 
Lionel-Boulet, Varennes, Qc, J3X1S2, Canada 

2few-cycle Inc., 2890 Rue de Beaurivage, Montreal, Qc, H1L 5W5, Canada
legare@emt.inrs.ca

Since the generation of 2-cycle pulses directly out of a femtosecond laser remains a formidable challenge, the most 
widespread way relies on external post compression of multi-cycle pulses1 for which the long standing record in 
terms of pulse energy was at 5mJ for 800nm pulses2.

In this paper we report the generation of record breaking pulse energies of 6mJ for 2-cycle pulses at a center 
wavelength of 1.83μm. Therefore, 11mJ 40fs pulses from our home build high energy IR laser at the advanced 
laser light source (ALLS) were coupled to a newly designed hollow-core fiber (HCF). The new design employs the 
mechanical stretching of a flexible capillary which allows to freely optimize the fiber length and to choose between 
various inner diameters ranging from tens of micrometer up to even 1000 micrometer. To achieve 50% transmission 
at this energy level, a 3m long capillary of 1000 micrometer diameter was employed. A pressure gradient of argon 
enabled spectral broadening as shown by the comparison of HCF input and output spectra, respectively, in Fig. 1a). 
Pulse compression to clean 2-cycle pulse is achieved with our bulk compression method in 3mm FS [3]. It rests upon 
self-steepening in addition to self-phase modulation in the HCF which generates an asymmetric spectral shape and 
phase which cancels second, -third and fourth order dispersion of the FS window.
 

Fig.1 a) Input spectrum of the multi-cycle input pulses as red curve and the broadened spectrum after the hollow-core 
fiber of the 2-cycle pulses as shaded gray. b) Shows the retrieved temporal intensity (shaded gray) as well as temporal 
phase (red) of the clean 2-cycle pulses after compression with 3mm FS.

[1] M. Nisoli, et al., “Generation of high energy 10 fs pulses by a new pulse compression technique”, Appl. Phys. Lett. 68, 2793 
(1996).
[2] S. Bohman, et al., “Generation of 5.0 fs, 5.0 mJ pulses at 1kHz using hollow-fiber pulse compression”, Opt. Lett. 35, 1887 
(2010).
[3] B. E. Schmidt, et al., “Compression of 1.8 micron laser pulses to sub two optical cycles with bulk material,” Appl. Phys. Lett. 
96, 121109 (2010).



138 139

(HIGHPOWER.28.11.4)   Monochromatic Terahertz Generation from Beta-Barium Borate

David A. Valverde-Chavez and David G. Cooke*
Department of Physics, McGill University, Montreal, Quebec, Canada H3A 2T8

cooke@physics.mcgill.ca

While important improvements have been made to generate and detect broadband THz pulses, certain applications 
in imaging, sensing and spectroscopic studies require spectrally narrow THz sources. Monochromatic THz emission 
using bulk nonlinear crystals and fs laser sources, however, is not as common. Recently it has been reported, for 
the bismuth germanate crystal, a monochromatic emission at 2.01 THz with a full width at half maximum (FWHM) 
around 26 GHz [1]. In the present work, we show monochromatic THz emission from a 100 μm-thick beta-barium 
borate (β-BBO) crystal after the passage of a 40 fs, 800 nm laser pulse. In spite of the previous studies of its optical 
properties in terahertz region [2] and the broadband THz emission (electro-optic detection with 1mm ZnTe crystal) 
[3], the monochromatic emission from the β-BBO has not been previously reported to our knowledge. We detected 
a multi-cycle and narrow bandwidth THz emission from the β-BBO crystal, with a FWHM of 0.85 THz and a 
maximum emission at 10.7 THz.

Fig.1. Fourier spectrum of the BBO THz emission, peak at 10.7 THz, the inset shows the time domain electric field.
A linear dependence between the field emission and the incident power was observed by recording the maximum 
of the peak for the Fourier amplitude and setting a different power, from 10 mW to 1.10 W. This behavior follows a 
second order nonlinear mixing process and we are currently investigating phase-matching considerations.

[1] R. Takeda, N. Kida, M. Sotome, Y. Matsui, and H. Okamoto, “Circularly polarized narrowband terahertz radiation from a 
eulytite oxide by a pair of femtosecond laser pulses”, Phys. Rev. A 89, 033832 (2014).
[2] J. Liu, X. Guo, J. Dai and X. -C. Zhang, “Optical property of beta barium borate in terahertz region”, Appl. Phys. Lett. 93, 
171102 (2008).
[3] M. Kress, T. Löff ler, S. Eden, M. Thomson, and H. G. Roskos, “Terahertz-pulse generation by photoionization of air with 
laser pulses composed of both fundamental and second-harmonic waves”, Opt. Lett, 29, 1120 (2004).
 

(HIGHPOWER.28.16.1)   Phase-locked Multi-THz High-Harmonic Generation and All-coherent Charge 
                                              Transport by Dynamical Bloch Oscillations in Bulk Semiconductors

C. Lange1, O. Schubert1, M. Hohenleutner1, F. Langer1, B. Urbanek1, U. Huttner2, D. Golde2, T. Meier3, M. Kira2, 
S.W.Koch2 and R. Huber1

1Department of Physics, University of Regensburg, 93040 Regensburg, Germany
 2Department of Physics, University of Marburg, 35032 Marburg, Germany 3Department of Physics,  

University of Paderborn, 33098 Paderborn, Germany

Ultrafast charge transport in strongly biased semiconductors lies at the heart of high- speed electronics, electro-
optics and fundamental solid-state physics. Intense phase- locked terahertz (THz) pulses at photon energies far 
below electronic interband resonances may serve as a precisely adjustable alternating bias, far exceeding dc 
breakdown voltages. Here, we use controlled (multi-)terahertz transients centered at 30THz (left inset) with peak 
fields of 72MVcm-1 to drive coherent interband polarization and dynamical Bloch oscillations in semiconducting 
gallium selenide. The dynamics encompass the generation of phase-stable high-harmonic transients (right inset), 
spanning the entire terahertz-to-visible spectral domain between 0.1 and 675 THz (main panel) in a single pulse. 
Phase and amplitude of high-harmonic components can be adjusted via the carrier envelope phase of the driving 
pulse which controls the interference of multiple ionization channels, as supported by our microscopic calculations. 
Our experiments thus establish a new field of light-wave electronics exploring charge transport at optical clock rates. 
Furthermore, first experiments at 1 THz exploiting the near-field enhancement in metamaterials indicate that THz-
rate electric circuitry may soon be feasible at the interface of THz optics and electronics.
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(HIGHPOWER.28.16.2)   Energy and Average Power Scaling of Mid-IR Femtosecond  
                                Parametric Amplifiers

Skirmantas Ališauskas, Giedrius Andriukaitis, Tadas Balčiūnas, Guangyu Fan, Audrius Pugžlys  
and Andrius Baltška

Photonics Institute, Vienna University of Technology, Gusshausstrasse 27, A-1040, Vienna, Austria

Multimillijoule driver pulses in the mid-IR wavelength range of 3—8 μm, as a consequence of a λ2 scaling 
of the ponderomotive energy, are critical in the generation of coherent and incoherent secondary radiation 
in the Xray and THz domains. Such high-energy pulses are also proving indispensable in femtosecond 
filamentation because of the unique opportunity to initiate plasma-chemical reactions with hot electrons 
emitted through long-wave optical field ionization.

The talk reviews the current status of the intense mid-IR laser research at TU Vienna aimed at solving the 
scalability challenges of the secondary sources and their laser pump systems. We identify the limits of 
the current laser technology of 1-μm pump lasers based on Nd:YAG picosecond amplifiers and Yb:CaF2 
femtosecond chirped-pulse amplifiers (CPA). Whereas the use of such 1-μm pump lasers enables broadband 
parametric amplification at wavelengths up to 4.2 μm using state-of-the-art KTA crystals, shifting the pump 
wavelength to 2.1 μm opens the way to extend the range of efficient parametric amplification deeper 
into the mid-IR. We demonstrate a prototype parametric amplifier, based on a ZGP crystal pumped by 
femtosecond pulses at 2.1 μm, which operates at the central wavelength of 6 μm and supports a single-
cycle pulse bandwidth. Finally, we present our efforts aimed at the development of a dedicated 2.1- μm 
pump laser for mid- IR parametric amplification and report on the development of a multi-millijoule 0.5-ps 
kilohertz CPA system based on a cw-pumped Ho:YAG regenerative amplifier.

(HIGHPOWER.28.16.3)   Arrayed single-photon technologies for free-space light-in-flight imaging

Genevieve Gariepy1, Nikola Krstajić2, Robert Henderson2, Chunyong Li1, Robert R. Thomson1, Gerald S. Buller1, 
Christopher Barsi3, Barmak Heshmat3, Ramesh Raskar3, Jonathan Leach1 and Daniele Faccio1

1Institute of Physics and Quantum Science, Heriot-Watt University, UK 
 2Institute for Integrated Micro and Nano Systems, University of Edinburgh, UK

3Camera Culture, MIT Media Lab, MIT, USA

We show that, by detecting only Rayleigh-scattered light, single-photon detector arrays are capable of light-in-flight 
measurements of a laser pulse propagating in free space. We use a 32 by 32 pixel array of single-photon avalanche 
detectors (SPADs) operated in time-correlated single-photon counting (TCSPC) mode to perform the measurement. 
Each pixel of this array is sensitive to single photons, and the median dark count rate is 50 Hz. The TCSPC mode 
enables the time between a trigger signal and the arrival of a photon to be recorded with a temporal resolution of 67 
ps. We use a 500 ps laser pulse (532 nm, 3.5 uJ, 4 kHz), which is reflected off a number of mirrors. The light pulse 
propagates across the field of view of the camera, so the only light that is detected is scattered light by air molecules. 
The SPAD array is used in combination with a fish-eye lens with a focal length of 16 mm to give a field-of-view of 
approximately 20 by 20 cm. Figure 1 shows three frames, each separated by around 1.3 ns, from a movie of a light 
pulse propagating in free space. The raw data has been processed to reduce the noise and interpolated to increase the 
resolution of the images. The total acquisition time to populate the TCSPC histograms for the entire movie was 10 
minutes. Our results demonstrate the capabilities of SPAD arrays for light-in-flight measurements in air without the 
presence of strongly scattering media. The simplicity of the setup and fast acquisition times compared to previous 
light-in-flight methods will open new possibilities for recording and visualizing events on nanosecond timescales.

Figure 1. Frames from a light-in-flight movie of a pulse of light propagating in free space. Each 
frame is separated by 1.3 ns. The arrows indicate the propagation direction of the laser pulse. The 

integrated intensity shows the total path of the light.
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(HIGHPOWER.28.16.4)    High power short pulse propagation in air; keeping the balance of a filament

Ladan Arissian ,Shermineh Rostami, Brian Kamer, Amin Rasoulof and Jean Claude Diels 
Center for high technology materials , University of New Mexico , U.S.A 

Laser filamentation is a unique platform to study light-matter interaction, in which both “light”’ and  “matte” have 
a non negligible role. For intensities at the order of 1013Watt/cm2 even air at atmospheric pressure acts like a 
nonlinear medium. The nonlinear electronic Kerr focusing results in focusing the beam, this focusing is counter 
balanced with the negative index of free electrons. The combined effect of focusing  (through  Kerr effect)  and 
defocusing ( through the negative index of free electrons) on an intense pulse results in light confinement beyond 
the Raleigh range. As the ultrashort pulse ionizes and excites the air molecules, in return its spatial and spectrum is 
modified by the weakly ionized medium. For sub-picosecond pulses the interaction with a weak plasma happens in 
a time scale much shorter than the plasma period.

We present a detailed investigation of the contribution of molecular and electronic Kerr nonlinearity on  pulse 
propagation, studying the polarization state of the light as it propagates over a few meters. Birefringence is created 
in the atmosphere due to both the instantaneous electronic Kerr effect, and the delayed molecular Kerr effect will 
distort the ellipticity and rotate the polarization. Since these two effects have different time and intensity responses, 
we can gain control over the contribution of the two effects by carefully measuring the polarization state of the light 
for various input energies and pulse widths.

We also present the effect of birefringence produced by an elliptically polarized 800 nm filament on 400 nm probe. 
We believe by detailed polarization study in filaments we can link the microscopic effects of tunnel ionization and 
non equilibrium non isotropic plasma to macroscopic parameters in filaments.  

(HIGHPOWER.28.16.5)    Self-compression of near and mid-infrared pulses by filamentation  
                                 in transparent solids

A. Couairon1, V. Jukna1, J. Darginavicius2, D. Majus2, N. Garejev2, I. Grazuleviciute2, G. Valiulis2, G. 
Tamosauskas2, A. Dubietis2, D. Faccio3, F. Silva4, D.R. Austin4, M. Hemmer4, M. Baudisch4, A. Thai4, J. Biegert 4,5

1 Centre de Physique Théorique, CNRS, Ecole Polytechnique, F-91128 Palaiseau, France,  
2  Department of Quantum Electronics, Vilnius University, Sauletekio Ave. 9, LT-10222 Vilnius, Lithuania, 

 3  School of Engineering and Physical Sciences, Heriot-Watt University, Edinburgh EH14 4AS, UK,    

4  ICFO – Institut de Ciencies Fotoniques, Mediterranean Technology Park, 08860 Castelldefels (Barcelona), Spain,  
5  ICREA-Institucio Catalana de Recerca i Estudis Avancats, 08010 Barcelona, Spain

The propagation of near- or mid-infrared ultra-short laser pulses in the regime of anomalous dispersion of transparent 
solids is associated with a host of self-induced effects including free and driven third harmonic generation, a significant 
spectral broadening extending the from the ultraviolet into the infrared region, and the formation of stable filaments 
over several cm showing the emergence of self-compressed pulses down to few-cycle durations.
 
Measurements of supercontinuum generation from filamentation in YAG with mid-infrared pulses will be presented 
and interpreted on the basis of comparisons with  the results of numerical simulations of unidirectional nonlinear 
propagation models. The ultrabroadband spectra are shown to represent a signature of efficient pulse self-compression 
in the anomalous dispersion regime in a dielectric. We show that the mid-infrared,  sub 3-cycle pulses emerging from 
a compact self-compression setup could be focused to intensities exceeding 1014 W/cm2, a suitable range for high 
field physics experiments. Measurements performed in different experimental conditions (near-infrared few cycle 
pulses in various transparent dielectrics) not only confirm that filamentation in the anomalous region of transparents 
solids leads to ultrabroadband spectra and efficient pulse compression,  but also show specific features in third 
harmonic generation. From a detailed experimental and numerical investigation of third harmonic generation in the 
conditions of large phase and group velocity mismatch, we show that the third harmonic pulse consists of free and 
driven pulses propagating at different group velocities. 
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(HIGHPOWER.28.16.6)    Single-Frequency Visible-Band Fiber Sources for Astronomy and Atom Cooling.

Vladimir Karpov, Daoping Wei, Marjan Madani, Wallace Clements

There is a need for single-frequency light sources emitting at various visible and near infrared wavelengths matching 
narrowband atomic transitions of various chemical elements with special emphasis on vapours of alkali metals. In 
atomic physics, such sources can be used to cool atoms to sub-milli-Kelvin temperatures, allowing the study of 
fundamental quantum-mechanical properties. Typically, a few watts of power in a diffraction limited beam and a 
spectral linewidth of less than 10 MHz are required. The emission wavelength has to be tuned precisely to atomic 
transitions to enable slowing down atoms with particular Doppler shifted transition frequencies, thereby cooling 
ensembles of atoms moving at particular speeds.   We have developed a family of Raman fiber amplifiers that make it 
possible to amplify narrowband signals from single-frequency laser diodes in single-mode polarization-maintaining 
fibers to high powers, and subsequently convert them to visible light in periodically polled nonlinear crystals. The 
broad Raman gain in silica fibers in combination with the flexibility of selecting pump wavelengths allows us to 
generate narrowband light at any wavelength in 560-670-nm band with output powers up to 2 Watts. 

In astronomical instrumentation, even more powerful narrow-band 589-nm lasers are needed for very large ground 
based telescopes equipped with adaptive optics. The emission wavelength has to be tuned and maintained precisely in 
resonance with the D2a absorption line of sodium atoms located in the upper atmosphere, thereby creating an artificial 
star to be used as a reference source to characterize the wave front distortions resulting from propagation through 
the atmospheric turbulence. We have developed a high-power Raman fiber amplifier with effective suppression of 
Stimulated Brillouin Scattering. A weak 1178-nm narrowband signal from a single-frequency DFB LD is amplified 
in a dual-stage polarization-maintaining Raman fiber amplifier with a diffraction limited output of 36 Watts which 
is subsequently converted to 22 W at 589 nm in a resonant frequency converter developed by Toptica Photonics. We 
will report on the performance of the Raman amplifier as well as the performance of the 100 Watt 1120-nm fiber laser 
used as pump source.  One such system was successfully deployed at the European Southern Observatory at Paranal, 
Chile in February 2013 and 4 more systems are scheduled to be deployed in the near future.  

(HIGHPOWER.28.16.7)   Competition between Continuum Generation and Multi-Frequency  
Raman Generation

Hao Yan, Andrew W. Jordan and Donna Strickland
Department of Physics and Astronomy, Guelph-Waterloo Physics Institute, University of Waterloo, Waterloo, On-

tario N2L 3G1, Canada

In multi-frequency Raman generation, (MRG) a large number of Raman orders spanning the spectral region from 
infrared to ultraviolet are generated through a coherent, nonlinear process.  The coherence allows the Raman orders 
to be phased together to generate a train of very short pulses, approaching single femtosecond durations. At Waterloo, 
we are studying transient MRG, where a Raman transition of a nonlinear medium is pumped by two pulses having 
a frequency separation equal to the Raman transition and pulse duration comparable to the dephasing time of the 
Raman transition. In the transient regime, the MRG process competes with self-phase modulation and so the pump 
pulses are linearly chirped to have longer pulse durations.  In previous studies we noted that the resulting MRG 
spectra contained the expected Raman orders, but also red shifted shoulders on the peaks and a continuum under 
the Raman orders. We observed that the continuum shifted to higher frequencies as the pressure was reduced.  The 
lower pressure also corresponds to phase matching at higher frequencies, but the peak of the continuum did not 
coincide with the dispersion null. We have also studied the red shifted shoulders as a function of intensity, pressure 
and the instantaneous frequency separation of the chirped pulses. We showed that the frequency shift of the shoulders 
changes with the instantaneous frequency separation for positively chirped pulses but not with negatively chirped 
pulses.  A possible explanation of the red shifted peaks is that they come from stimulated Raman scattering from two-
photon dressed states of the molecule.  The initial red shifted frequencies could come from the generated continuum. 
Here we will report on the study of MRG and the continuum as a function of pulse duration for both positively and 
negatively chirped pulses.  With the current study we are investigating the connection between the continuum and 
the red-shifted shoulders.  If the goal of MRG research is to generate high intensity single femtosecond pulses, we 
will need to understand the competing processes to generate the optimum spectrum. 
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(HIGHPOWER.28.16.8)   Time-resolved photoluminescence study of colloidal Si NCs with different sizes 
and surface passivation

Glenda B. De Los Reyes*, Mita Dasog**, Lyubov V. Titova*, 
Jonathan G.C. Veinot**, Frank A. Hegmann*

*Department of Physics, **Department of Chemistry,
University of Alberta, 

Edmonton AB T6G 2E1 Canada

We use time-resolved photoluminescence (TRPL) spectroscopy to study the effects of surface passivation 
and nanocrystal (NC) size on the ultrafast PL dynamics of colloidal Si NCs. Four different ligands are used 
to passivate the surface of the NC samples. We found that NCs with the same average size but different 
surface passivation have PL emission centered in different parts of the visible region.  However, increasing 
the size of the NCs did not result in a red-shift of the PL emission. Furthermore, we found that the PL decay 
dynamics are size independent in our colloidal NCs and decayed over nanosecond time scales, much faster 
than microsecond-long decay times observed in other Si NC systems. We hypothesize that carriers are 
first photoexcited within the Si NCs and are then rapidly transferred to surface defects/traps between the 
Si surface the surface passivation. Therefore, the observed PL arises from radiative recombination in the 
surface defects rather than from quantum confinement of carriers within the Si NCs.  

(HIGHPOWER.28.16.9)   Imaging of structure in the OCS6+ molecule, using intense variable  
                       pulse-length 7-200fs laser pulses 

Ali Ramadhan*, Reza Karimi*, Benji Wales*, Eric Bissone†, Samuel Beaulieu†, Mathieu Giguère†,  
Francois Légaré†, Joseph Sanderson*

*Department of Physics and Astronomy, University of Waterloo, 200 University Avenue West, Waterloo,  
Ontario N2L 3G1, Canada 

† INRS, Centre Énergie Matériaux et Télécommunications, 1650 Boulevard Lionel-Boulet, Varennes,  
Quebec J3X 1S2, Canada

We vary pulse length from 7 to 200fs and investigate the geometric deformation of the ionizing OCS 
molecule by monitoring the Coulomb explosion of the OCS6+ ion. The experiment was performed using 
use a Coulomb explosion imaging (CEI) apparatus located at the Advanced Laser Light Source in Montreal. 
A highly collimated super-sonic beam of gas phase OCS is passed through the focal point (f=10cm) of a 
femtosecond   laser beam which has been compressed to 7fs using the hollow fiber method. Ions are 
extracted via 3kV field time of flight mass spectrometer and detected with a position sensitive detector. In 
order to reconstruct the geometry we collect all fragment ions emitted by single molecules and measure their 
asymptotic momenta in coincidence. Firstly we generate Newton plots such as Figure 1[1] to visualize the 
geometric structure and check the concerted nature of the bond breaking, indicated by the discrete islands 
for the momentum of O2+ and C2+. We have previously used a simplex algorithm to search for molecular 
geometries which satisfy these observed momenta [2] but here we investigate other search algorithms to 
assess their accuracy and importantly their ability to distinguish between regions of similar fitness.

      

 
Figure 1: Normalized Newton plot of OCS6 + explosion (7fs pulse). The S2+ 

ion momentum has been normalized to 1.

[1] R. Karimi et al., J. Chem. Phys. 138, 204311, (2013).
[2] J. P. Brichta, A. N. Seaman, J. H. Sanderson, Comp. Phys. Comm. 180, 197, (2009).
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(HIGHPOWER.30.34.1)   Temperature Effects on the Terahertz Transmission through Photoexcited  
Graphene

Hassan A. Hafez1, Ibraheem Al-Naib2, Marc M. Dignam2, Yoshiaki Sekine3, Katsuya Oguri3, Akram Ibrahim1, 
Satoru Tanaka4, Fumio Komori5, Hiroki Hibino3 and Tsuneyuki Ozaki1

1INRS-EMT, Advanced Laser Light Source, INRS, Varennes, Québec J3X 1S2, Canada  
2Department of Physics, Engineering Physics and Astronomy, Queen’s University, Kingston, Ontario K7L 3N6 

3NTT Basic Research Laboratories, NTT Corporation, Atsugi, Kanagawa 243-0198, Japan  
4Department of Applied Quantum Physics and Nuclear Engineering, Kyushu University, Fukuoka, 819-0395, Japan

5Institute for Solid State Physics, University of Tokyo, Chiba, 277-8581, Japan

We report the temperature dependence of terahertz (THz) transmission through photoexcited graphene, using optical-
pump/THz-probe (OPTP) differential transmission technique. A monolayer graphene sample on a SiC substrate is 
pumped optically by 800 nm, 40 fs Ti:sapphire laser pulses, with pump fluence of 110 μJ/cm2. The photoexcitation-
induced carrier dynamics are probed by THz pulses generated via optical rectification in a LiNbO3 crystal using 
the pulse-front-tilting technique [1]. Measuring the differential transmission (ΔT/T0) as a function of the pump/
probe delay time, we first observed enhancement in the THz transmission of the sample after photoexcitation, as 
shown in Fig. 1(a). Next, we studied the temperature dependence by varying the temperature from 24 °C up to 180 
°C. We observed a reduction in ΔT/T0 when the temperature was changed from 24 °C to 95 °C, as shown in Fig. 
1(a). However, we observe an enhancement in ΔT/T0 when the temperature was increased above 95 °C, as shown 
in Fig. 1(b). Finally, we found that the response tends to saturate above 160 °C. These observations are attributed 
to switching in the response of the graphene (semimetal) sample from semiconductor-like behavior to metal-like 
behavior when the temperature is increased [3-5]. Fig. 1(c) shows the temperature dependence of the peak value 
of the pump/probe response of the sample when heating and cooling the sample. The response to cooling deviates 
significantly from that due to heating, introducing a thermal hysteresis-like behavior. Our observations open new and 
promising applications of graphene in thermally induced switching devices.

Fig. 1. The pump/probe response of the graphene sample, defined by the differential 
transmission ΔT/T0, as a function of the pump/probe delay time for increasing the 
temperature from (a) 24 °C to 95 °C and (b) 95 to 180 °C, and (c) the peak response 

as a function of temperature when heating and cooling the sample

[1] F. Blanchard, et al., IEEE Journal of Selected Topics in Quantum Electronics, 17, 5 (2010) 
[2] K. J. Tielrooij, et al., Nature Phys., 9, 248 (2013)
[3] E. Pop, et al., MRS BULLETIN, 37, 1273 (2012)
[4] Y. Liu, et al., Nanoscale Res. Lett., 8, 335 (2013)
[5] S. Ulstrup, et al., Phys. Rev. B, 86, 161402 (R) (2012)

(HIGHPOWER.30.34.2)    Extreme nonlinear optics of metals at terahertz frequencies

Peter Uhd Jepsen
DTU Fotonik – Department of Photonics Engineering, Technical University of Denmark, DK-2800  

Kongens Lyngby, Denmark
email: puje@fotonik.dtu.dk

At terahertz (THz) frequencies, metals can often be considered to be close-to-perfect conductors. The electromagnetic 
properties of metallic structures such as antenna structures, frequency-selective surfaces and metamaterial surfaces, 
can therefore be predicted with high precision using standard modelling tools based on linear interaction between the 
electromagnetic field and the materials.
In the recent years it has become feasible to produce intense THz transients of sub-picosecond duration from tabletop 
femtosecond laser systems, based on nonlinear frequency conversion in electro-optic crystals such as ZnTe [1] or 
LiNbO3 [2]. With such systems, transient field strengths exceeding 1 MV/cm has been reported [3, 4]. 

With such intense pulses, it is now possible to study the nonlinear interaction between electromagnetic radiation 
and metals in the extreme nonlinear regime where the multiphoton picture of nonlinear optics is no longer valid, 
and field-induced tunneling becomes the dominant nonlinearity. At long wavelengths the tunneling time of electrons 
across the barrier between metals and vacuum can be much faster than the oscillation period of the electric field, and 
thus the electrostatic limit of nonlinear optics [5] can b(e reached without irreversible damage to the metal.   

Here, an overview of our recent strong-field experiments on metallic structures such as THz-frequency dipole 
antennas and nanostructured gold surfaces will be given. In such structures, the THz field can modify the resonance 
frequency of a simple dipole antenna due to a strong and ultrafast modification of the local dielectric environment of 
the antenna. Under special condition, intense THz field can even induce generation of visible and UV light. 

[1] F. Blanchard, L. Razzari, H. C. Bandulet, G. Sharma, R. Morandotti, J. C. Kieffer, T. Ozaki, M. Reid, H. F. Tiedje, H. K. 
Haugen, and F. A. Hegmann, “Generation of 1.5 µJ single-cycle terahertz pulses by optical rectification from a large aperture 
ZnTe crystal,” Opt. Express 15, 13212-13220 (2007).
[2] K. L. Yeh, M. C. Hoffmann, J. Hebling, and K. A. Nelson, “Generation of 10 µJ ultrashort terahertz pulses by optical 
rectification,” Appl. Phys. Lett. 90, 171121 (2007).
[3] H. Hirori, A. Doi, F. Blanchard, and K. Tanaka, “Single-cycle terahertz pulses with amplitudes exceeding 1 MV/cm generated 
by optical rectification in LiNbO3,” Appl. Phys. Lett. 98, 091106 (2011).
[4] K. Iwaszczuk, A. Andryieuski, A. Lavrinenko, X. C. Zhang, and P. U. Jepsen, “Terahertz field enhancement to the MV/cm 
regime in a tapered parallel plate waveguide,” Opt. Express 20, 8344-8355 (2012).
[5] M. Wegener, Extreme Nonlinear Optics (Springer, Berlin, 2005).
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(HIGHPOWER.30.34.3)   Time-resolved Multi-THz Spectroscopy of Colloidal Nanorods

David G. Cooke1, Peter Uhd Jepsen2, Jun Yan Lek3, Yeng Ming Lam3,4, 
Fredrik Sy5 and Marc M. Dignam5

1 Department of Physics, McGill University, Montreal, QC, H3A 2T8, Canada
2 Department of Photonics Engineering, Technical University of Denmark, 2800 Kgs. Lyngby, Denmark
3 School of Materials Science and Engineering, Nanyang Technological University, 639798, Singapore

4 Institute of Materials for Electronic Engineering II, RWTH-Aachen, Sommerfeldstr. 24, D-52074 Aachen, Germany
5 Department of Physics, Engineering Physics and Astronomy, Queen’s University, Kingston, Ontario, K7L 3N6, Canada

We report on intra-excitonic absorption in optically excited colloidal CdSe nanorods at THz energies. Figure 1(a) 
shows transmission electron microscopy images of the CdSe nanorods at 7 nm in diameter and 70 nm in length, and 
are cast from solution onto a substrate for multi-THz reflection measurements. A 400 nm, fs excitation pulse was 
used to create excitons in the nanorods, and the ultra-broadband, multi-THz pulse probed the internal transitions of 
these excitons on a picosecond time scale. Fig. 1(b) shows the absorption spectra for the nanorods, demonstrating a 
broadened absorption peak at 8.5 THz with a high energy shoulder at 11 THz. Calculations (lines) employing a full 
excitonic basis set identifies these absorption peaks with 1s-2p – like internal transitions of the exciton involving pz 
(dotted) and px (dashed) states at 8.5 and 11 THz, respectively. The dynamics of these absorption peaks are resolved 
and temporally mapped, yielding a direct probe of exciton cooling, coupling to the LO phonon and evidence of 
migration onto surface ligands or unpassivated surface states. The kinetics of the relaxation processes are manipulated 
via ligand exchange.
 

                                 Fig. 1 (a) TEM image of the CdSe nanorods and (b) transient THz absorption.

(HIGHPOWER.30.34.4)   Fiber laser pumping of yb-doped materials: a road to high power sub 50 fs oscil-
lators and high-gain amplifiers

P. Sévillano1, G. Machinet1, R. Dubrasquet1, 2, P. Camy3, J.-L. Doualan3, R. Moncorgé3, P. Georges4,  
F. Druon4, D. Descamps1, E. Cormier1,*

1 Université Bordeaux-CNRS-CEA-UMR 5107, Centre Lasers Intenses et Applications, 351 Cours de la Libération, 
F-33405 Talence, France.

2 Azur light System, Cité de la Photonique-Meropa, 33600 Pessac, France
3 Centre de recherche sur les Ions, les Matériaux et la Photonique (CIMAP),
UMR 6252 CEA CNRS-ENSICaen, Université de Caen, 14050 Caen, France

4 Laboratoire Charles Fabry, Institut d’Optique, CNRS, Université Paris Sud, 91127 Palaiseau, France
*Corresponding author: eric.cormier@celia.u-bordeaux1.fr

We have developed an innovative optical pumping scheme specifically adapted to Yb-doped laser materials with an 
absorption line around 976 nm. In our scheme, high-power low-brightness pump diodes are replaced by diffraction 
limited fiber lasers emitting at the unconventional wavelength of 976 nm. The outstanding brightness achieved by 
these pump lasers has lead us to demonstrate for the first time Kerr-lens modelocking of Yb:CaF2 with sub 50 fs 
pulses at multi Watts average power. Additionally, the high brightness is exploited in single or double pass amplifiers 
where the Yb-doped crystal extends over several cm exhibiting unprecedented gains. A short review of the pump 
technology as well as the most recent results in fs oscillators as well as amplifiers will be presented.
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(HIGHPOWER.30.34.5)   Ultra-broadband Terahertz Modulation Using Electrically Gated Graphene

H. Razavipour, W. Yang, D. A. Valverde Chavez, E. Whiteway, F. Blanchard, M. Hilke, and D. G. Cooke*

Dept. of Physics, McGill University, 3600 University, Montreal, H3A 2T8, Canada cooke@physics.mcgill.ca

Graphene has attracted much interest as a useful active material for future THz devices, due to its broadband optical 
response and predicted strong nonlinearity. The response, however, is very sensitive to the Fermi energy, which can 
vary depending on surface chemistry and the influence of the substrate. In this paper, we report ultra-broadband THz 
modulation in electrically-gated monolayer graphene fabricated by a copper-catalyzed chemical vapor deposition 
(CVD). Graphene sheets of over 5 mm2 were deposited to 5 Ω-m, p-doped silicon substrates. The resistance of the 
substrate is high enough to permit THz waves transmit through the device. Four-point-probe measurements were 
performed to obtain the dc conductivity of graphene with respect to the gate voltage. The Dirac point, defined by 
the maximum in the resistance vs. gate voltage curve, appears at a gate voltage of -21.8 V. By modulating the gate 
voltage from Dirac point to a highly p-doped region (e.g. +40 V) the sheet resistance changes by a factor of ~4 which 
strongly modifies the THz transmission over an ultra-broadband spectral window. 

Figure 1(a) shows the time domain THz reference and differential signals and (b) the differential waveforms with and 
without gate-voltage modulation. Fig. 1(c) shows the Fourier amplitude spectra of the waveforms in Fig. 1(a). We 
will discuss the resultant ac conductivity due to intra- and inter-band THz absorption and future experiments making 
use of this Fermi energy control. 

 

Figure 1. THz spectroscopy of graphene on Si substrate. (a) The time trace of the 
reference THz electric field and the differential signal induced by gate modulation 
from Dirac point (-21.8V) to 42.2 V. (b) The time trace of differential electric field 
signal with and without the gate modulation. (c) The spectral amplitudes of the 

waveforms in (a).

(HIGHPOWER.30.34.6)   An all-optical THz frequency-selective modulator

Lauren Gingras, Marcel Georgin and David G. Cooke
Department of Physics, McGill University, Montreal, QC, Canada

The development of new terahertz (THz) frequency all-optical light modulation methods is important for future 
wireless communication applications [1] and for achieving miniaturization of THz sensing platforms [2]. Active 
control of on-chip devices operating in the 0.1-10 THz range also leads to interesting opportunities to investigate 
how metamaterials, photonic crystals and a multitude of optoelectronic devices can be used to tune the phase or 
amplitude of transmitted or reflected broadband THz pulses. In this work, we present a reversible, tunable and all-
optically controlled modulator capable of broadband amplitude modulation. Using a dielectric-filled parallel-plate 
waveguide with a transparent conductive top plate charge carriers are photoinjected using a 50 fs pulse centered at 
800 nm. The partially modulated waveguide then gives rise to  coupling into higher-order odd transverse magnetic 
(TM) modes from the TEM mode. 

Fig 1. Differential transmission as a function of frequency for different pump power 
(left) and differential transmission as a function of the pump line position along the 

THz propagation axis for fixed frequencies between 0.60 and 1.27 THz (right).

In this paper, we focus on ways to control the amplitude modulation for frequencies between 0.1 and 1.2 THz 
using the pump characteristics. This method exhibits complete attenuation of the wave using as low as 3.4 µJ pump 
energies. We further demonstrate the ability to induce a modulation using a pulse with a central frequency of 400 nm 
allowing one to transpose this method to direct band-gap semiconductors. This new method of all-optical modulation 
shows capable of broadband modulation over the THz range with potential for GHz modulation rates.

1. S. Koenig, D. Lopez-Diaz, J. Antes, F. Boes, R. Henneberger, A. Leuther, A. Tessmann, R. Schmogrow, D. Hillerkuss, R. 
Palmer, T. Zwick, C. Koos,W. Freude, O. Ambacher, J. Leuthold, and I. Kallfass, Nat. Photon. 7, 977 (2013).
2. R. Mendis, V. Astley, J. Liu, and D. M. Mittleman, Appl. Phys. Lett. 95, 171113 (2009).
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(HIGHPOWER.30.34.7)    Active Terahertz Two-wire Waveguide 
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Ropagnol1, Marco Peccianti5, Christian Reimer1, Marcello Ferera2,  Luca Razzari1, François Vidal1 and Roberto 
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1 INRS-EMT, Varennes, Quebec, J3X 1S2, Canada,  
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Terahertz (THz) technologies show great potentials in spectroscopy, material science, security screening and 
high-speed wireless communication. However, efficiently coupling of THz pulses into guiding structures 
still remain an important issue. Two-wire waveguides, due to their low dispersion, broadband characteristics, 
and two dimensional confinement abilities serve as an excellent THz guiding medium. In addition, the 
in-coupling of the THz radiation generated by a photoconductive antenna into a two-wire waveguide is 
facilitated by the polarization matching. The combined system consisting of a PC antenna interconnected 
with a two-wire waveguide will therefore be a very effective solution for the efficient generation, coupling 
and routing of the THz signal (see Fig. 1 (a)). Figure 1 (b) and (c) shows the experimentally observed 
and simulated temporal THz signal and its spectrum from a 20 cm long active THz two-wire waveguide, 
respectively. We observed ~60 times higher coupling efficiency of THz pulse energy into the active 
waveguide in comparison to its passive counterpart (coupled to a PC antenna externally). These results 
strengthen the applicability of this structure for future THz communication network and enhanced THz 
Time domain spectroscopy.
  

Figure 1: (a) Schematic of the active terahertz two-wire waveguide 
configuration with a thin block of GaAs (300 µm x 300 µm x 5 mm) being 
inserted between the metallic wires (with wire radius of 125 µm and wire 
separation of 300 µm). (b) Experimentally observed (red) and simulated 
(blue) temporal THz signal from a 20 cm long active THz two-wire waveguide 
and (c) their corresponding spectra. The temporal signal and their spectra are 
both normalized to their respective peaks.

(HIGHPOWER.30.41.1)   Ultrafast High Peak Power yb-ion Lasers: Going from kW to MW

Haitao Zhao and Arkady Major
Department of Electrical and Computer Engineering, University of Manitoba, Canada

In recent years Yb-ion doped gain media have been recognized as promising and cost-effective candidates to 
generate ultrashort pulses. Generation of ultrafast pulses (<100 fs) with high peak power (>100 kW), however, is 
not a trivial task due to the increased influence of pulse instabilities. While semiconductor saturable absorber mirror 
(SESAM) based mode-locking (ML) can deliver ultrashort pulses with high peak powers, its pulse shaping (i.e. pulse 
duration) is limited by slow bleaching recovery dynamics. In high power regime this also results in the decreased 
discrimination against the continuum background that is always present in a cavity. Introduction of a large amount 
of negative dispersion can prevent ML instabilities albeit at the expense of increased pulse duration. In contrast, the 
fast-saturable-absorber like action of Kerr-lens mode-locking (KLM) can offer enhanced pulse shaping mechanism 
leading to a dramatic reduction of pulse duration. The output power of KLM lasers, however, is usually limited by 
the requirement of a diffraction limited pump.

In this work we report on results of our approach to overcome the above limitations. Based on dual action of 
Kerr-lens and saturable absorber (KLAS) mode-locking, the technique combines enhanced pulse shaping of KLM 
with high output power of SESAM ML. The developed KLAS approach enabled us to demonstrate record high 
performance of Yb:KGW lasers among other Yb-ion materials in sub-100 fs regime with peak powers ranging from 
100’s of kW to 1 MW. 

We have demonstrated a powerful KLAS mode-locking of Yb:KGW laser, producing 67 fs pulses at a repetition rate 
of 77 MHz. The average output power reached 3 W, corresponding to >38 nJ of pulse energy and >570 kW of peak 
power. To the best of our knowledge, this is the highest average power produced to date from the bulk Yb-ion lasers 
at this level of pulse duration. Power scaling to 83 nJ of pulse energy with 85 fs pulses and peak power as high as 1 
MW was also realized, corresponding to the highest peak-to-pump power efficiency reported to date.
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(HIGHPOWER.30.41.2)   High Power Continuous-Wave Alexandrite Laser with Green Pump

Shirin Ghanbari and Arkady Major
Department of Electrical and Computer Engineering, University of Manitoba, Canada

Alexandrite is a tunable laser crystal with a peak output around 750 nm which is suitable for a number of scientific and 
medical applications. In particular, Alexandrite is attractive for production of tunable UV laser light as only a single 
frequency conversion stage is needed. When compared to Ti:Sapphire, Alexandrite has a higher στ product which 
points out to the possibility of efficient laser action with low threshold. In addition, absorption bands of Alexandrite 
extend into the red part of the visible spectrum where laser diodes are available; thus, diode-pumping can offer a 
high efficiency. Unfortunately, continuous-wave (CW) operation of diode-pumped Alexandrite lasers (~200 mW) 
was limited due to the low pump power of currently available red laser diodes. The best approach to improve output 
power and efficiency is to use high power and diffraction limited pump sources such as green lasers operating at 532 
nm. In this work, we report on achievement of a maximum output power of 2.6 W in CW free running mode with 
755 nm central wavelength. Also, wavelength tuning over 85 nm from 715 to 800 nm was achieved. To the best of 
our knowledge, this is the highest CW output power of a high brightness laser-pumped Alexandrite laser reported to 
date. The used CW Alexandrite laser cavity consisted of four mirrors and a Brewster-angled crystal. Among different 
output couplers (OC), 5% provided the highest output power as illustrated in Figure 1. The results obtained in this 
experiment can lead to the development of high power tunable sources of UV radiation.

 
 

Fig. 1. CW Alexandrite laser output power for different OCs
 

(HIGHPOWER.30.41.3)   Continuous wave multi-watt Yb:KYW laser with highly efficient diode pumping

Sujith Manjooran and Arkady Major
Dept. Electrical & Computer Engineering, University of Manitoba, Winnipeg, Canada

Email: manjoors@cc.umanitoba.ca

Low quantum defect (6%) makes Yb doped double tungstate crystals (Yb:KYW/KGW) an attractive gain medium 
for high power applications. These crystals are widely used for high power femtosecond lasers because of wide 
bandwidth and high emission and absorption cross sections. In this work we report on a diode end pumped bulk 
Yb:KYW laser with 7.87 W output power at 1041 nm wavelength with one of the highest slope efficiencies (77%) 
compared to all other diode pumped Yb doped lasers (Fig 1). 
 

Fig 1: Output power with respect to incident pump power for 5% and 8% OC  
Fig 2: Optical-to-optical efficiency with respect to output power.

A 23 W fiber coupled diode laser of 0.12 NA and 105 µm core diameter was used to pump the crystal at 980 nm. 
A 3 mm long Ng-cut crystal with a 5% Yb3+ doping concentration was used as the gain medium. The maximum 
pump power absorbed under non-lasing condition was 18.74 W at an incident pump power of 23 W. We achieved 
an optical-to-optical efficiency of 42% at 7.87 W of output power with 5% output coupler (OC). Similar results 
were previously demonstrated for Yb:KGW crystal, but to our best knowledge this is also the highest optical-to-
optical efficiency reported for high-power (>7 W) Yb:KYW laser. A comparison of similar results in double tungstate 
(Yb:KGW/KYW) gain media with respect to absorbed pump power is shown in Fig 2. The results reported in this 
work indicate that Yb:KYW is an efficient and competitive continuous wave gain medium which has high potential 
for power scaling. 
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(HIGHPOWER.30.41.4)   Dual-Wavelength CW Operations of a Nd:yVO4 Laser at 1064.1 & 1073.1 nm 
and 1064.1 & 1085.3 nm wavelengths 

Tanant Waritanant and Arkady Major
Department of Electrical and Computer Engineering, University of Manitoba, Canada

Dual-wavelength diode-pumped Nd:vanadate (Nd:YVO4) laser crystal has been a focus of several recent studies 
due to recent development in laser diode technology and multiple promising applications in biomedicine. Although 
there are three distinct emission lines in Nd:YVO4 spectrum  (1064, 1073, and 1086 nm), the 1073 nm line has not 
been reported in dual-wavelength operation even though its stimulated emission cross-section is comparable to the 
one at 1086 nm.

In this paper, the dual-wavelength continuous wave (CW) operations at 1064.1 & 1073.1 nm and 1064.1 & 1085.3 
nm is reported. The laser used two birefringent filters inside a simple laser cavity in order to balance the gain and 
loss at the two laser wavelengths which could be freely selected. Furthermore, we used 914 nm in-band pumping to 
reduce the thermal lensing. 

An a-cut 0.5% doped Nd:YVO4 crystal was pumped with up to 20 W at 914 nm by a fiber-coupled diode laser. 
A 3-mirror cavity with two birefringent filter plates, 0.5 mm and 2 mm, inserted at the Brewster angle was used. 
At 6.1 W of absorbed pump power, the dual-wavelength operation was observed. A 2.4% output coupler (OC) 
was used to achieve the highest output power. The maximum output powers when each wavelength had a similar 
spectral intensity (1:1 power ratio) were 163 mW in 1064 & 1073 nm operation and 164 mW in 1064.1 & 1085.3 nm 
operation. The linewidths of each wavelength were ~0.1 nm. 

 In conclusion, two dual-wavelength operations of a CW Nd:YVO4 laser, at 1064.1 & 1073.1 nm and at 1064.1 
& 1085.3 nm, were demonstrated with adjustable output power ratios  using a simple technique with intracavity 
birefringent filters.

(HIGHPOWER.30.41.5)    MicPIC for first-principle analysis of light-matter interactions in solids

Charles Varin1, Graeme Bart1, Christian Peltz2, Thomas Fennel2,and Thomas Brabec1

1 Department of Physics, University of Ottawa, Canada
2 Institute of Physics, University of Rostock, Germany

A key challenge in modelling laser-matter interactions is to properly resolve both microscopic and macroscopic 
phenomena. Atomic collision processes require Angstrom spatial resolution, whereas the macroscopic length scale 
in laser-driven plasmas is determined by the wavelength. For example, modelling the complete dynamics of a 
near-infrared laser-driven solid-density plasma requires to resolve about four orders of magnitude in space (from 
angstrom to micron) and to trace 1010-1011 classical particles, in combination with radiation and laser propagation. 
The microscopic particle-in-cell (MicPIC) method is actually the only numerical tool that can solve such problems 
rigorously [1,2]. 

MicPIC was first used to explore laser-driven metal clusters and reveal the underlying electron dynamics with 
unprecedented detail [2]. In particular, it was shown that a cluster nanoplasma driven at the Mie resonance undergoes 
an extreme nonlinear dynamics dominated by attosecond plasma waves and field/density fluctuations evolving on the 
nanometer scale. In a recent publication [1], we used MicPIC to analyze the light scattered during such a sequence 
of events. This allowed to identify the different physical processes associated with particular spectral signatures in 
both the linear and nonlinear regimes and determine ab initio optical parameters – e.g., the surface and bulk collision 
frequencies – that are used in continuum theories, like the Drude model for metals. 
 
MicPIC was initially developed for modelling strong-field laser-matter interaction, where the laser turns the medium 
early into a warm strongly-coupled plasma whose dynamics can be described classically. Applications include micro 
and nano machining, single-shot imaging of biomolecules with XFELS, and particle acceleration, just to name a few. 
Custom physical models are being reviewed and integrated into MicPIC to include, on the atomic level, the different 
ionization channels (single and multiphoton ionization, tunnel ionization, and electron impact ionization) and atomic 
polarization due to bound electrons. This promises new insight into the physics of light-matter interactions in solids.

[1] Charles Varin et al, Ann. Phys. (2014) DOI:10.1002/andp.201490001
[2] Charles Varin et al., Phys. Rev. Lett. 108, 175007 (2012)
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(HIGHPOWER.29.P.50.10)   A simple technique for accurate characterization of thermal lens  
                              in solid state lasers

Sujith Manjooran, Hamidreza Mirzaeian and Arkady Major
Department of Electrical and Computer Engineering, University of Manitoba, Winnipeg, Canada

Thermal lensing in diode pumped solid state lasers can seriously affect laser performance and cause beam distortions 
resulting in degradation of beam quality. Estimating thermal lens is important in designing stable laser cavities 
with minimum laser mode size fluctuations. The common techniques used to estimate the thermal lens under lasing 
condition deploy a probe beam or a wave front sensor. Both these techniques need precise alignment and the laser 
beam quality factor (M2) has to be measured separately for thermal lens calculations.  It is well-known that beam 
quality varies considerably at different pump intensities. We demonstrate a simple technique that is capable of 
estimating the thermal lens accurately by taking into account the fluctuation of beam quality factor at various pump 
intensities.
 

Fig 1: Schematic diagram of thermal lens measuring set up.

When the laser medium is pumped, the formation of a positive thermal lens inside the crystal is shown in Fig 1. The 
focal length of the thermal lens influences the beam divergence and beam diameter outside the resonator. We used the 
ABCD matrix method for interior and exterior beam tracing. A lens was placed at some distance away from the output 
coupler and the beam size was measured at various points along the propagation direction immediately after the lens 
and this data was used to calculate beam quality. The beam fitting was done with the help of LASCAD software. In 
the process of beam fitting, the thermal lens was given a value so that the external beam simulated by LASCAD fitted 
exactly with the beam size measured after the lens. We demonstrate this technique using a diode-pumped Yb:KYW 
laser  at different  pump intensities. The beam quality factor was estimated to be between 1.2-1.4.  The thermal lens 
varied between 10 cm – 20 cm depending on the pump spot size and beam quality. This measurement technique has 
the potential to estimate thermal lens values accurately even at low pump intensities. 

(HIGHPOWER.29.P.50.11)   Selectable Multi-Wavelength Operation of a Diode-Pumped Nd:yVO4 Laser

Tanant Waritanant and Arkady Major
Department of Electrical and Computer Engineering, University of Manitoba, Canada

Nd:vanadate (Nd:YVO4) laser crystal provides many advantages which make it suitable for medium range power 
applications and diode pumping. According to the emission spectrum of Nd:YVO4, apart from standard 1064 nm 
line, laser generation at 1085 nm and 1073 nm is also possible which, for example, can be used to generate other 
wavelengths by nonlinear frequency conversion. This paper reports such operating regime using a single birefringent 
plate to select “on demand” a continuous wave (CW) laser operation at 1064 nm, 1073 nm, or 1085 nm wavelengths. 
A 12 mm long a-cut 0.5% doped Nd:YVO4 was used in a 3-mirror cavity. The crystal aperture was pumped by a 
fiber-coupled diode laser up to 20 W at 914 nm. A 2.4% output coupler in the 1040-1090 nm range was used in the 
experiment which provided the highest laser output power.

Three discrete laser operations around 1064 nm, 1073 nm, and 1085 nm were achieved by rotating the 2 mm-thick  
birefringent filter plate around its surface normal. The highest output powers at 1064 nm, 1073 nm, and 1085 nm 
were 2.51 W, 1.84 W, and 1.92 W, respectively. At the highest pump power the slope and optical to optical efficiencies 
at the 1064 nm output were 50.1% and 40.4%, at the 1073 nm output 39.6% and 29.6%, and at the 1085 nm output 
43.0% and 30.9%, respectively. The beam quality factor (M2) was less than 1.43 throughout the experiment at any 
of the three wavelengths. The peaks of the three laser output spectra were at 1064.02 nm, 1073.05 nm, and 1085.25 
nm with linewidths of about 0.1 nm. 

In conclusion, to the best of our knowledge, the discrete tuning of the Nd:YVO4 laser operating at 1064.0 nm, 1073.1 
nm, and 1085.2 nm was demonstrated for the first time. Using a simple laser cavity and a 2 mm-thick birefringent 
filter plate, the output powers of more than of 1.8 W (at each wavelength) at 6.2 W of absorbed pump power were 
achieved. Such multi-wavelength operating regime can lead to discretely tunable multi-wavelength visible laser 
sources via nonlinear frequency conversion.
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(HIGHPOWER.29.P.50.12)    Thermal Lensing in Nd:yVO4 Laser with In-Band Pumping at 914 nm

Tanant Waritanant and Arkady Major
Department of Electrical and Computer Engineering, University of Manitoba, Canada

Nd:vanadate (Nd:YVO4) laser crystal has been extensively studied as an alternative to Nd:YAG for medium range 
power applications. However, at high output power, performance of the Nd:YVO4 lasers is limited by the inferior 
thermal properties. Recent studies have focused on diode-pumping at longer wavelengths. This results in the reduction 
of quantum defect (QD) from 24.1% with 808 nm pumping to 14.1% with 914 nm pumping. This work reports on 
characterization of thermal lensing in a 914 nm pumped Nd:YVO4 laser as well as compares it with traditional 
pumping wavelengths.

The experiment utilized a 3-mirror laser cavity arrangement with a 0.5 at.% doped a-cut 12 mm long Nd:YVO4 
crystal as the gain medium and 10% output coupler. The system was pumped by a fiber-coupled 914 nm diode 
laser. Thermal lensing was measured by modeling of the laser beam propagation using ABCD matrix formalism. 
The highest output power achieved was 3.52 W with 56.8% optical efficiency. The beam quality factor M2 was 1.4 
throughout the experiment. The calculated thermal lens dioptric powers were 3.95 m-1 horizontally and 4.37 m-1 
vertically at 6.55 W of absorbed pump power (20 W of incident). When compared to the previous records of thermal 
lensing in an a-cut Nd:YVO4 crystal pumped at 808 nm, pumping of the Nd:YVO4 crystal at 914 nm creates a 2.3 
times weaker thermal lens at the same level of absorbed pump power.

Finite Element Analysis (FEA) of thermal lensing was also done using the commercially available LASCAD 
program. The simulated thermal lens was found to be in good agreement with experimental data. The lensing effects 
from other pump wavelengths were also simulated and compared. It was found that the thermal lens dioptric power 
for 808 nm pumping was up to 3 times higher. 

In conclusion, thermal lensing effect in the 914 nm diode pumped Nd:YVO4 laser has been studied in detail in order 
to assess the potential of output power scaling. FEA simulation further confirmed experimental findings. It was also 
used to compare the thermal lensing effect with 888, 880, and 808 nm pumping. The results show that the thermal 
lens power was significantly reduced because of the difference in quantum defect and the thermal lens geometry.

(HIGHPOWER.29.P.50.13)   Ultrafast carrier dynamics of photoexcited Si nanocrystal films with different  
Si filling fractions

Glenda B. De Los Reyes, Lyubov V. Titova, Al Meldrum, Frank A. Hegmann
Department of Physics, University of Alberta, 

Edmonton AB T6G 2E1 Canada

Previously reported transient terahertz photoconductivity measurements have shown that carrier transport between 
nanocrystals in Si nanocrystal films is inhibited and photoexcited carriers are localized within individual nanocrystals 
in films with Si filling fraction below the percolation threshold of 38%. These films also exhibit efficient optical 
emission, unlike films with Si filling fractions above the percolation threshold, in which photoluminescence is 
completely suppressed. Here, we apply two complimentary optical techniques, transient photoinduced absorption 
and time-resolved photoluminescence (TRPL), to further explore ultrafast photoexcited carrier dynamics in Si 
nanocrystal films with varying Si volume filling fractions and nanocrystal sizes. Transient absorption measurements 
show an initial sub-ps decay indicating rapid trapping at surface/interface defects.  TRPL measurements show that 
fast, sub-100 ps (resolution limited) and sub-ns duration, and slow, microsecond recombination channels coexist in 
luminescent Si NC films. The fast TRPL sub-ns lifetime can be due to recombination at the defect states while the 
wavelength-dependent microsecond component is likely due to emission from quantum-confined core states.
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(HIGHPOWER.29.P.50.14)   Index of refraction measurement with a nested frequency comb

Ladan Arissian1 , Koji Masuda1, Adam Hecht2, Erin Vaughan2 and Jean Claude Diels1

1 Center for high technology materials , University of New Mexico , U.S.A 
2 Department of chemical and nuclear engineering,University of New Mexico, USA

Simple etalons inserted in a laser cavity are used to tune the wavelength of a laser. Inserting that element inside 
a mode-locked laser leads to a frequency comb with counter-intuitive features. Instead of a decaying sequence of 
pulses, the etalon produces a symmetric bunch of pulses, at a repetition rate in the GHz range, that can be fine tuned 
with the laser cavity length. The wavelength of the laser — as in the cw case — can be tuned with the angle of the 
etalon. However, the high and low frequency components of the repetition rate are both modified with the angle of 
incidence. As a result a nested comb of 6-10 GHz is generated on a mode locked comb of around 100 MHz in a meter 
long Ti:Sapphire laser.

This unique designs combines the narrow linewidth of the laser cavity which is a Fabry Perot with gain  with the 
accessible Fabry-Perot sensor of a piece of glass as an etalon.

We present the tuning parameters and coupling of the nested frequency comb and its application in measurement of 
refractive index. The change of index had been measured had been recorded for 1.4 cm etalon of CaF2 that had been 
exposed with PuBe with 6 Ci radiation.

(HIGHPOWER.29.P.50.15)   High flux table-top ultrafast soft X-ray source generated by high harmonic 
generation

N. Thiré1, B. E. Schmidt1, S. Fourmeaux1, S. Beaulieu1, V. Cardin1, M. Negro2, J-C Kieffer1, C. Vozzi2  
and F. Légaré1

1 Institut national de la Recherche Scientifique, centre ÉMT, Varennes, Canada 
 2 Politecnico di Milano, Istituto di Fotonica e Nanotecnologie, Italy

Generation of ultrafast soft X-ray pulses is a major challenge for conventional laboratories. The spectral range of 
100 eV to 1 keV is highly attractive for new scientific applications including the water window spectral range (280-
540eV) for probing ultrafast chemical reaction in the liquid phase and the study of ultrafast demagnetization at the 
L- edges of 3d transition metals composing magnetic materials. In order to study these phenomena, HHG mechanism 
enables generation of such energetic photons. Wavelengths in the IR are necessary to maximize the photon energy, 
however increasing the wavelength leads to decrease the generation efficiency. To avoid this problematic, one has: (i) 
to increase the number of emitters with high ionization potential (IP) and (ii) the intensity of the laser. (i) Raising the 
density of atoms where the interaction with the laser takes place enhances the number of sources participating to the 
harmonic process. However, the pumping issue has to be solved. In our setup we designed a new gas source by mixing 
the advantages of the pulse valve (density) and the gas cell (long interaction length), removing the pumping problem. 
(ii) In the Advanced Laser Light Source laboratory, our group has developed a source based on a conventional OPA 
delivering 23 mJ/p of signal (1.4 μm) + idler (1.8 μm), with a time duration of 30 fs. This is base on a conventional 
white light OPA with another amplification stage in a large type II BBO crystal. Using the 11 mJ/p of idler one can 
be able to reach high laser intensity to generate extremely high order harmonics in neon and helium gas.

Overtaken these two limitations we have been able to generate harmonics water window in neon and up to 500 eV in 
helium (105 photons/shot above 250 eV, showing carbon K- edge in single shot). These results show the production 
of intense soft X-rays pulses with short time duration in a conventional laboratory.
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(HIGHPOWER.29.P.50.16)   Tabletop Imaging of structural Evolutions in chemical Reactions

Heide Ibrahim1, Benji Wales2, Samuel Beaulieu1, Bruno E. Schmidt1, Nicolas Thiré1, Emmanuel P. Fowe3, Éric 
Bisson1, Christoph T. Hebeisen4,5, Vincent Wanie1, Mathieu Giguére1, Jean-Claude Kieffer1, Michael Spanner4, 

André D. Bandrauk3, Joseph Sanderson2, Michael S. Schuurman4, François Légaré1
1. INRS-ÉMT, Varennes, Canada, 2. Department of Physics and Astronomy, University of Waterloo, Canada, 3. 

Laboratoire de Chimie Théorique, Université
de Sherbrooke, Canada, 4. NRC Ottawa, Canada, 5. Department of Physics, University of Ottawa, Canada

Ibrahim@emt.inrs.ca

Since laser driven tunnel ionization preferentially ionizes the HOMO compared to lower lying orbitals, the dynamics 
within the cation typically involves mostly the electronic ground state. We present a table top approach to efficiently 
launch dynamics from ionization of the HOMO-1 orbital of small organic molecules, which so far required VUV 
sources like free electron lasers and high harmonics [Ref. 1]. We image proton migration - as one of the fundamental 
processes in chemistry and biology - with femtosecond resolution in the first excited state of the acetylene cation. Even 
though acetylene has been serving as a model system since decades, its isomerization dynamics in the cation is still 
under debate and discussed controversially by theory [Ref. 1, 2]. While free electron lasers are limited by repetition 
rate and fluctuations, our approach provides tremendous benefits in terms of statistics and temporal resolution. We 
employ pump - probe Coulomb explosion imaging: A pump pulse (266 nm, 32 fs, four photon absorption) ionizes 
the system to the cation and launches proton migration dynamics. A time delayed probe pulse (800 nm, 40 fs) further 
ionizes it to higher charged states. Its electric field stripes off electrons almost immediately, leaving positively charged 
fragments behind which undergo Coulomb explosion. They represent the molecule’s geometric configuration at the 
arrival time of the probe pulse.

Newton plots of three correlated fragments (H+, C+ and CH+) provide frames of the molecular movie of isomerization 
(Fig. 1) – starting from the linear geometrical shape of acetylene (o) on the left, via a transition state (+) to vinylidene 
(x) on the right hand side [3].

            Fig. 1: Newton plots for time delays from 20 to 100 fs after subtraction of time zero contribution.

[1] Y. H. Jiang, et. al., Phys. Rev .Lett. 105, 263002 (2010).
[2] M. Madjet, Z. Li, and O. Vendrell, J. Chem. Phys. 138 094311 (2013). 
[3] H. Ibrahim, et. al., http://arxiv.org/abs/1402.1419

(HIGHPOWER.29.P.50.81)   Ultrafast fiber ring lasers with a pair of chirped fiber Bragg gratings

Simon Duval
Université Laval

Due to their unique dispersive and reflective properties, the use of chirped fiber Bragg gratings (CFBGs) is of 
great interest for dispersion and nonlinearity management in femtosecond fiber lasers.  Recently, we showed the 
possibility of generating ultrashort pulses from an all-fiber ring laser that uses a pair of chirped fiber Bragg gratings 
with opposite dispersion. This work reveals a new mode-locking regime where the circulating pulse undergoes large 
temporal breathing as it passes through the CFBGs. One of the CFBGs acts as a stretcher and the other one as a 
compressor within the cavity. The laser is thus separated in two sections; one section in which the pulse is highly 
chirped acts like a linear dispersive delay line while most of the nonlinear effects occur in the other section. Guided 
by numerical simulations, we introduce in the present contribution a simple criterion that predicts the steady-state 
temporal behavior of the circulating pulse depending on the cavity parameters. We also present new numerical and 
experimental results obtained by varying the net cavity dispersion of the laser. Relatively high-energy sub-100fs 
pulses are generated, independently of the cavity dispersion. Pulses as short as 66 fs are reported in the near-zero 
dispersion regime. Further optimization of the CFBGs properties and the cavity dispersion paves the way toward the 
construction of all-fiber femtosecond sources with improved performances. Due to the low cost and easy integration 
of such devices, this work can have major impact in scientific and commercial applications such as micromachining 
and nonlinear microscopy.
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(HIGHPOWER.29.P.50.82)   Supercontinuum generation up to 4.6 µm in a step-index fluoroindate fiber

Olivier Thibault-Maheu1,2, Vincent Fortin1, Martin Bernier1 and Réal Vallée1

1 Centre d’optique, photonique et laser, Université Laval, Québec, Canada, G1V 0A6
2 Contact: olivier.thibault-maheu.1@ulaval.ca

Supercontinuum generation (SPG) is an extreme spectral broadening that involves a complex interplay between fiber 
dispersion and nonlinearity. It has found applications in various fields such as metrology, spectroscopy and defense. 
Most of the reported work on SPG has been performed in silica fibers. Those fibers exhibit weak nonlinearity and 
thus require high peak powers to get a wide output spectrum. For this reason, photonic crystal fibers (PCF) are 
typically used to generate supercontinuum in those fibers. The main drawback of this technology is the lack of 
material transparency in the mid-infrared spectral region. Fluoride fibers have thus attracted much interest over the 
last few years due to their broad transparency window, extending up to 5-6 µm depending on their composition. 
Supercontinuum in ZBLAN fluoride fibers have been reported for instance by Kulkarni et al. [1], but long fibers cannot 
transmit light at wavelength higher than 4.2 µm. However, several infrared applications require spectral coverage up 
to 5 µm. Fluoroindate glass fibers which benefit from a wide transparency window up to 5.5 µm would be a suitable 
choice to achieve this goal. The supercontinuum would then be limited by the fiber confinement rather than material 
loss. In this work, a supercontinuum spanning from 2.1 to 4.6 µm has been generated using femtosecond pulses from 
an optical parametric amplifier (TOPAS) system. The wavelength coverage is wider than the one recently reported by 
Théberge et al. [2] using a similar fiber. As the quality of fluoroindate fibers is improving, this new technology could 
lead to the development of all-fiber based supercontinuum sources spanning from the visible to the mid-infrared.

[1] O. P. Kulkarni, V. V. Alexander, M. Kumar, M. J. Freeman, M. N. Islam, Jr. Fred L. Terry, M. Neelakandan, and A. Chan. 
Supercontinuum generation from 1.9 to 4.5 µm in zblan fiber with high average power generation beyond 3.8 µm using a 
thulium-doped fiber amplifier. J. Opt. Soc. Am. B, 28(10) :2486-2498, Oct 2011.
[2] F. Théberge, J.-F. Daigle, D. Vincent, P. Mathieu, J. Fortin, B. E. Schmidt, N. Thiré, and F. Légaré. Mid-infrared supercontinuum 
generation in fluoroindate fiber. Opt. Lett., 38(22) :4683-4685, Nov 2013.

(MAT.29.21.1)   High Performance Platforms for Integrated Nonlinear Optics

David Moss
School of Electrical and Computer Engineering, RMIT University, Melbourne, Australia, 3001

Nonlinear photonic chips have succeeded in generating and processing signals all-optically with performance far 
superior to that possible electronically - particularly with respect to speed. Although silicon-on-insulator has been 
the leading platform for nonlinear optics, its high two-photon absorption at telecommunications wavelengths poses 
a fundamental limitation. This talk will review some of the recent achievements in non-silicon CMOS-compatible 
platforms for nonlinear optics, focusing on amorphous silicon and Hydex glass, highlighting their potential future 
impact as well as the challenges to achieving practical solutions for many key applications. These material systems 
have opened up many new capabilities such as on-chip optical frequency comb generation and ultrafast optical pulse 
generation and measurement..  
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(MAT.29.21.2)   Antennas for Optical Wireless Systems

Hugo E. Hernandez-Figueroa1, Lucas H. Gabrielli1, and Gilliard N. Malheiros-Silveira12

1Department of Communications, School of Electrical and Computer Engineering, University of Campinas, 
Campinas, SP 13083-852, Brazil,        

  2 Department of Electrical  Engineering and Computer Sciences, University of California at Berkeley, Berkeley, 
CA 94720 USA

Antennas are key devices to enable optical wireless links in a level of efficiency equivalent to its RF and 
microwave counterparts. In order to exhibit high gain, wideband and steering beam features, phased-array 
optical antennas need to be properly designed. Such design is one of the main challenges so far, specially 
for shorter optical wavelengths, particularly from 0.4 to 3 microns, where phase control schemes, using 
thermo-optics effects for instance, request distance separations of the order of several wavelengths; this of 
course causes higher order diffraction which is prohibitive for a communication link. Another important 
issue is the waveguide-antenna coupling, especially for dielectric waveguides and dielectric antennas, and 
also, the design of efficient single and compact dielectric antennas.  Our group has recently designed 
novel non-cartesian arrays, whose antenna elements can be separated by several wavelengths and able 
to produce a single and highly directive beam. Such non-orthodox array may find useful applications in 
array antennas of arbitrary wavelength. Another contribution is the design of a non-intuitive all-dielectric 
antenna efficiently coupled to a high-contrast dielectric waveguide based on SOI technology, able to operate 
efficiently over the conventional (C) optical communication band, occupying an area of 1.78 microns by 
1.78 microns, and broadside radiation (normal to the antenna plane). Such antenna can also be used as an 
efficient coupling device between dielectric waveguides and optical fibers, replacing with advantages the 
conventional diffractive grating, which for the same coupling situation exhibits a much narrower band, has 
a footprint of 2.8 microns by 3.6 microns, and its main beam radiates with an inclination angle of around 
10 to 20 degrees with respect to the broadside direction. Finally, we will present the design of a wideband 
cylindrical nano-dielectric-resonator antenna (NDRA), coupled to a plasmonic waveguide, and able to 
operate at the short (S), C, and long (L) bands of the optical communication spectrum, while maintaining 
its realized gain condition assuming a broadside uniform radiation pattern.

(MAT.29.21.4)   Advanced Silicon Photonics Components for Short Reach Optical Interconnects

Qiuhang Zhong1, David Patel1, Alireza Samani1, Venkat Veerasubramanian1, Samir Ghosh1, Wei Shi1,2, Yun Wang3, 
Lukas Chrostowski3, and David V. Plant1

1Dept. of Electrical and Computer Engineering, McGill University, Canada 
2Currently with Dept. of Electrical and Computer Engineering, Université Laval, Canada
3Dept. of Electrical and Computer Engineering, University of British Columbia, Canada

In recent years, silicon photonics has emerged as an attractive platform for building highly-integrated and low-cost 
components for short reach optical interconnects applicable for intra-data center connectivity. Through the NSERC 
and industry funded Silicon Electronic-Photonic Integrated Circuits (Si-EPIC) program, a variety of passive and 
active silicon photonics components have been designed, fabricated, and characterized. In this talk, we present the 
advanced silicon photonics components that have been realized by the McGill researchers, including fiber grating 
couplers, optical switches and modulators. Fiber-to-chip coupling is an essential optical interface for photonic 
integration. Surface grating coupling has advantages over other solutions (e.g., edge coupling) in terms of its 
simplicity of fabrication, compactness of footprint, ease of alignment, and capability of wafer-scale testing. However, 
the bandwidth of grating coupling is limited due to intrinsic waveguide dispersion. In this regard, we designed silicon 
fiber grating couplers utilizing focusing curved subwavelength structures. An ultra-wide 1-dB bandwidth of over 100 
nm with -6.7 dB coupling efficiency has been measured. Optical switches are important building blocks for agile 
optical cross-connects and reconfigurable optical add-drop multiplexers. We developed a 4 × 4 non-blocking silicon 
switch fabric based on interferometric thermal phase shifters. A switching time of 5 µs with a power consumption of 
41 mW has been demonstrated in an individual switch element. Silicon photonic modulators are also key to optical 
interconnects, and we will present recent results on this topic. In summary, the talk presents the realization of silicon 
fiber grating couplers, switches and modulators, which are very promising to build future compact, agile and efficient 
short reach optical interconnects.
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(MAT.29.21.5)   Reduction in the Photoluminescence Quenching for Erbium-Doped Amorphous Carbon 
Photonic Materials by Deuteration and Fluorination

Hui-Lin Hsu1*, Keith R. Leong1, I-Ju Teng2,3, Michael Halamicek1,Yujin Kim1, Jenh-Yih Juang2,3, Sheng-Rui Jian4, 
Li Qian1, and Nazir P. Kherani1,5
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The integration of photonic materials into CMOS processing involves the use of new materials. A simple one-
step metal-organic radio frequency plasma enhanced chemical vapor deposition system (RF-PEMOCVD) 
was deployed to grow erbium-doped amorphous carbon thin films (a-C:(Er)) on Si substrates at low 
temperatures (<200 °C). A partially fluorinated metal-organic compound, tris(6,6,7,7,8,8,8-heptafluoro-
2,2-dimethyl-3,5-octanedionate) Erbium(+III) or abbreviated Er(fod)3, was incorporated in situ into a-C 
based host. It was found that the prominent room-temperature photoluminescence (PL) signal at 1.54 µm 
observed from the a-C:H:F(Er) film is attributed to several factors including a high Er concentration, the 
large optical bandgap of the a-C:H host, and the decrease in the C-H quenching by partial C-F substitution 
of metal-organic ligand. In addition, six-fold enhancement of Er PL was demonstrated by deuteration of 
the a-C host. Also, the effect of RF power and substrate temperature on the PL of a-C:D:F(Er) films was 
investigated and analyzed in terms of the film structure. PL signal increases with increasing RF power, 
which is the result of an increase in [O]/[Er] ratio and the respective erbium-oxygen coordination number. 
Moreover, PL intensity decreases with increasing substrate temperature, which is attributed to an increased 
desorption rate or a lower sticking coefficient of the fluorinated fragments during film growth and hence 
[Er] decreases. In addition, it is observed that Er concentration quenching begins at ~2.2 at% and continues 
to increase until 5.5 at% in the studied a-C:D:F(Er) matrix. This technique provides the capability of 
doping Er in a vertically uniform profile.

(MAT.29.21.6)   Large Area Printed Three-Dimensional Optical Metamaterials

Debashis Chanda
NanoScience Technology Center and College of Optics and Photonics (CREOL), University of Central Florida, 

Orlando, Florida, USA.

Metamaterials are engineered materials where artificial properties like negative refractive index, zero-index, artificial 
magnetism, perfect absorption etc. have been demonstrated. Various two-dimensional metamaterials were fabricated 
using conventional lithographic techniques. In order to qualify metamaterials as true materials that enables curving 
out real devices, one need to develop three-dimensional metamaterials. However, fabrication of three-dimensional 
metamaterials based on conventional electron and ion beam lithography is very tedious. Although this method 
provides the necessary sub-micron resolution and excellent control over the in-plane geometries, its practical use 
is restricted to overall lateral dimensions of less than 100’s of microns. This size limitation, taken together with the 
complexity of the lithography tools and their extremely slow patterning speeds, make this technique poorly suited to 
requirements for realistic applications in superlenses, photonic components or others, where cost, throughput, area 
coverage and long range uniformity are important considerations.  Alternative approaches to 3D nanofabrication, 
such as those based on colloidal self-assembly, interference lithography, and two photon polymerization based direct 
laser writing lack the ability to embed multiple metal/dielectric layers over a 3D space.  Nanoimprint lithography and 
various forms of soft lithography, in their standard embodiments, offer the necessary resolution, but they do not form 
3D structures easily.  We developed a nanotransfer printing method that is directly applicable to fabrication of 3D 
metamaterials with excellent optical characteristics, in ways that are scalable to arbitrarily large areas and compatible 
with manufacturing.   We use the resulting methods to fabricate 3D near-infrared negative index metamaterials with 
11-layers and sub-micron unit cell dimensions, over areas > 75 cm2, corresponding to >105x105 unit cells, all with 
excellent uniformity and minimal defects. With further modifications in material choice and deposition process, 
the optical response is scaled down to the visible domain.  Optical devices like infrared detectors, bio-sensors, 
camouflage and display elements are developed based on these large sheets of metamaterials.  
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Large-scale and high-quality graphene patterns on dielectric substrates have a wide range of promising application 
such as touch screen display, smart window, flexible solar cells, etc. Current fabrication methods generally require 
close-chamber and high-temperature processes for the graphene synthesis plus a multi-step patterning process, 
which is costly and unsuitable for the industrial manufacturing. In this study, we have developed an additive 
nanofabrication method for fabricating arbitrary graphene patterns at the ambient conditions. Open-air and room-
temperature deposition of bi-layer graphene patterns on glass substrates has been achieved via a femtosecond laser 
direct wring process based on nickel/amorphous carbon (a-C) co-sputtered thin films. During the laser direct writing 
process, a 780 nm fs laser is focused on the Ni/a-C thin film to induce localized heating to facilitate the graphene 
growth. By moving the sample stage with a high resolution piezo stage, arbitrary patterns of graphene lines can be 
formed directly on the glass substrates without additional graphene transfer steps. No vacuum and substrate heating 
are required in the graphene growth process. The formation of graphene in the laser direct writing process follows 
a similar solid-state transformation mechanism as reported in a previous study [1]. Various graphene patterns, 
including texts, spirals, line arrays, and large-scale integrated circuit patterns, with a feature line width of 800 nm, 
were successfully fabricated. The as-developed laser direct writing technique could provide an innovative, cost-
effective way to fabricate large-scale graphene patterns for future practical device applications.

 

[1] W. Xiong, et al., Single-Step Formation of Graphene on Dielectric Surfaces, Advanced Materials, vol. 25, pp. 630-634, 
(2013).  

(MAT.29.28.2)   Femtosecond laser micromachining for the realization of fully integrated photonic and mi-
crofluidic devices

Roberta Ramponi
IFN-CNR (Institute of Photonics and Nanotechnologies), Department of Physics, Politecnico di Milano,  

Milan, Italy

Femtosecond-laser micromachining is an enabling technology that allows maskless realization of fully integrated 
photonic and microfluidic devices. Indeed, direct femtosecond laser writing can be used both for the fabrication of 
high-quality waveguides, and, combined with chemical etching, for the realization of microfluidic channels. The 
main advantage of this technique is its intrinsic capability of realizing 3D structures with high precision in a single 
fabrication step, thus making it the ideal choice both for fast prototyping and for the realization of complex or custom 
devices. Moreover, it allows easy integration of optical functionalities in microfluidic chips. 

In this work, the basics of femtosecond laser writing will be discussed, together with the main aspects influencing 
induced material modifications. Some typical applications will be presented to better illustrate the versatility and 
peculiarities of the technique. In particular, reported examples will include microfluidic devices with different 
functionalities (microfilters, switches), lab-on-a-chip for optical manipulation of single-cells, and integrated photonic 
circuits for quantum information. The results obtained show the strong potential of this microfabrication technology, 
paving the way to increasingly compact and multifunctional photonic and microfluidic devices.
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(MAT.29.28.3)    Femtosecond Laser Microfabrication in Special Polymers
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Femtosecond laser microfabrication has been shown to be a powerful tool for processing advanced 
materials, aiming at applications from photonics to biology. The nonlinear nature of the light-mater 
interaction, achieved with such pulses, confines the induced changes to the laser beam focus, allowing the 
fabrication of complex microstructures with high resolution. Different fs-laser microfabrication methods 
have been used to produce photonic crystals, waveguides, micromechanical actuators, and, more recently, 
scaffolds for biological applications. In the last few years, we focused our research on the development of 
strategies to produce polymer-based microstructures using fs-laser pulses. Specifically, we have been able 
to introduce active components on polymeric samples, subsequently used in the microfabrication, as well 
as to direct fabricate on polymers presenting interesting optical and electrical properties. In this work we 
present results on the use of fs-pulses to fabricate waveguides containing metal nanoparticles, aiming at the 
plasmonic enhancement of nonlinearities. We also report on the fabrication of active 3D microstructures, 
using two-photon polymerization, containing fluorophores, nanoparticles and carbon nanotubes, which 
exhibit interesting optical and mechanical properties. Additionally, to explore possibilities for biological 
applications, fs-laser fabricated microstructures were used as platforms to investigate the growth of bacteria 
(E. coli) and cells, which was performed by optical microscopy. The authors acknowledge FAPESP, CNPq, 
CAPES and the Air Force Office of Scientific Research (FA9550-12-1-0028) for financial support and 
André L. S. Romero for technical assistance.

(MAT.29.28.4)    Femtosecond Laser induced blackening in Polymers

A.M.Alashehri1, S. Desgreniers1, and V.R.Bhardwaj1

1Department of physics, University of Ottawa, 150 Louis Pasteur, Ottawa ON Canada, K1N 6N5.
 
Femtosecond laser induced blackening in Polydimethylsiloxane (PDMS) is reported as a phenomenon that arises 
from the nonlinear interaction of the laser with the material. That nonlinearity is due to the large band gap of PDMS 
compare to the photon energy of   800nm, and the peak intensity of the laser at the focus. Depending on the pulse 
intensity the modification can vary from smooth refractive index changes to micro explosion followed by void 
formation. We report the results of our experiments which were performed on PDMS by focusing an 800 nm, 45 fs 
laser, operating at 1 kHz repetition rate inside the bulk. It was observed that the transmission abruptly plummets to 
20 percent of the incident energy when it was measured on a shot by shot basis while the pulse energy was increased 
until 550 nJ and never revers back when the energy was reduced back without changing the focal spot. A low 
intensity probe pulse was used to study the degree of blackening by measuring its transmission through black spots 
created by different numbers of pulses with different energies. It was noticed that with increasing the pulse energy 
the degree of blackening increases and thus probe transmission decreases, and that becomes sharper for increasing 
number of pulses. It was observed also that by increasing the energy of the incident pulses the blackening point of 
the material was achieved with fewer pulses. However, there was a minimum energy below which no blackening 
was observed independent of the number of pulses. To characterize the change in the material topography SEM 
images were taken of the modified regions and they showed that the material density was different from that of the 
pristine PDMS. The modified regions were shown to contain small nanoparticles randomly distributed which were 
caused by the rearrangement of the atomic bonds. Electron Dispersive x-ray Spectroscopy (EDS) revealed that 
there was a difference in the carbon concentration between the modified and unmodified regions indicating that the 
nanoparticles are carbon clusters. In addition to EDS, confocal micro-Raman spectra were recorded for both modified 
and unmodified regions and the results showed a broad florescence from the modified regions in contrast to pristine 
PDMS for which the spectrum showed the peaks of molecules without florescence. To conclude, femtosecond laser 
induced blackening in polymers is a phenomenon that occurs during the rearrangement process of atomic bonds due 
to nonlinear interaction of the laser plusses with the material.
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(MAT.29.28.5)    Spectral and polarization study of self-organized cholesteric oligomers

K. Allahverdyan1, G. Agez2, M. Mitov2, T. Galstian1
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Cholestreric liquid crystals (CLC) are well known as self-organizing helicoidal structures, which in result, selectively 
reflect circularly polarized light. Similar structures exist in nature, for example in the cuticles of different beetles 
[1,2]. CLC oligomers were recently shown to exhibit the ability to form (almost without external action) polygonal 
cholestric texture and to be handled in a solid form at room temperature, imitating the Chrysina Gloriosa beetle’s 
carapace. Requirements for CLC oligomers to form the polygonal structure is a free surface (CLC oligomers – 
air interface) and an annealing process near the viscous-crystalline transition temperature [3]. The study of above 
mentioned polygonal cholestric textured solid films is important for the understanding of the mechanisms driving their 
natural formation [4]. The optical characteristics of those films are investigated in the present work. The combination 
of spectral measurements of transmission, reflection and scattering allows us to conclude that the annealing time 
defines the peculiarities of polygonal domains, especially the degree of tilted helices inside those domains. The 
spectral scattering measurements also allow us to confirm that the polygonal-mosaic texture is, effectively, formed 
at CLC-air interface. 

1. M. Srinivasarao, Nano-Optics in the Biological world: Beetles, Butterflies, Birds, and Moths, Chem. Rev. 1999, 99, 1935-
1961.
2. S. Caveney, Cuticle reflectivity and optical activity in scarab beetles: the role of uric acid, Proc. Roy. Soc. Lond. B.178, 205-
225 (1971).
3. G. Agez, R. Bitar, M. Mitov, Color selectivity lent to a cholesteric liquid crystal by monitoring interface-induced deformations, 
Soft Matter, 2011, 7, 2841–2847.
4. K. Allahverdyan, T. Galstian, A. H. Gevorgyan, R. Hakopyan, Could the cuticle of beetles serve also for their radiative 
thermoregulation? , Optics and Photonics Journal, 2013, 3, pp. 17-22, 2013.

(MAT.29.28.6)   Growth and optimization of CBN thin films by various deposition techniques 

Sébastien Vigne1, Nadir Hossain1, Faezeh Fesharaki2, Ke Wu2, Joëlle Margot3 and Mohamed Chaker1

1LMN, INRS-EMT, Canada,  
2Poly-Grames Research Center, Ecole Polytechnique de Montreal, Canada,  

3Département de Physique, Universite de Montreal, Canada

Achieving a very high data transmission rate using an optical signal will soon become possible thanks to the recent 
development of electro-optic (EO) materials such as CaxBa1-xNb2O6 (CBN) with very large EO coefficient. 
Although this material is mainly grown and studied in its bulk form, it has been successfully deposited epitaxially on 
MgO and Nb-doped SrTiO3 substrates as thin film. It exhibits a very high EO coefficient 130 pm/V and transparency 
in a broad range of wavelengths. Some reported integration tests of CBN on silicon (Si) proved the ability to build 
waveguides, but the measured thin film was polycrystalline with no preferential orientation, resulting in lower EO 
coefficient (15 pm/V). In this work, we investigated the deposition of CBN on Si by PLD in order to improve the 
crystalline quality, hence the EO properties. To achieve this goal, we studied the epitaxial deposition of MgO on Si 
as a buffer layer to grow highly oriented CBN. Growth of epitaxial MgO on Si was achieved from laser ablation of 
a Mg metallic target at 400°C substrate temperature, and with a background oxygen pressure of 3.6.10-5 Torr. CBN 
was further grown on the MgO / Si stack layer by PLD at 800°C and 1mTorr O2 pressure. The CBN thin film is 
highly textured in the (001) orientation, which represents a significant improvement of the crystalline quality of CBN 
deposited on Si. We therefore expect a much higher EO coefficient. In a second step, in order to optimize the EO 
properties of CBN thin films on MgO, oriented CBN has to be grown on an electrode. For this reason, we performed 
epitaxial deposition of Pt on MgO, with a rocking curve as low as 0.5°. It was further possible to achieve highly (001) 
oriented CBN on such substrate using PLD at 600°C and 1mTorr O2 pressure. This opens the way to the optimization 
of CBN EO properties. Moreover, we deposited, for the first time, the CBN on MgO using RF Sputtering with the 
aim of improving both surface homogeneity and roughness. As in-situ crystallization of CBN was not possible with 
sputtering, we used ex-situ crystallization by rapid thermal annealing immediately after deposition. Performing 
deposition in a mixture of 95% Ar- 5% O2 and using an annealing temperature of 1000oC, we were able to obtain 
highly (001) oriented CBN thin films with a roughness of 2.8nm RMS and no significant change in the thickness 
over the substrate.
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(MAT.29.P.50.37)   Characterization of excited electronic states in free-base porphyrin molecules

Tiago G. B. Souza, Cleber R. Mendonça and Leonardo De Boni
Photonic’s Group, Physics Institute of São Carlos - University of São Paulo

Porphyrins are characterized by intense optical absorption in the visible region, photodynamic activity, and a high 
affinity to biological structures, in particular, to malignant tissues. Due to these characteristics, they are successfully 
applied in photodynamic therapy for cancer treatment. The high nonlinear optical effect and relative fast response 
times of porphyrin makes them promising candidates for applications of photonic devices, such as optical limiters 
and switches. However, for the development of such devices, it is important to characterize the photo-physical 
parameters of the excited states, which include absorption cross-sections, excited states lifetimes, and quantum 
yields. This work reports on the photophysical parameters of set of porphyrins obtained through the analysis of 
optical nonlinearity dynamics. We employed a traditional and pulse train Z-scan (PTZC) technique as well as pulse 
train fluorescence technique (PTF) to obtain such excited state electronic parameters. By using this three combined 
techniques, we were able to determine the singlet and triplet excited state cross-sections, fluorescence and inter-
system crossing times, and internal conversion quantum yields. In our Z-scan experiments, we used a frequency 
doubled, Q-switched, and mode-locked Nd:YAG laser, producing pulse trains containing ca. twenty 70 ps pulses at 
532 nm, separated by 13 ns intervals. This light source was applied in two regimes: by exciting the sample with a 
single pulse extracted from the pulse train under the Q-switch envelope and with the complete pulse train. In this way, 
it is possible to study nonlinearities in picosecond and nanosecond timescales separated. Besides, the PTF technique, 
which uses the same laser of the Z-scan, provides the intersystem crossing time just by analyzing the changes in 
the fluorescence signal as a function of the pulse number of the train. The experimental results obtained with the 
three nonlinear spectroscopic techniques can be analyzed by using a five energy level model which describes the 
population dynamics. This model is composed by a three singlet states and two triplet excited states. Consequently, 
by numerically solving the population dynamics between the states using a set of rate equations, the excited state 
spectroscopic parameters were determined.

(MAT.29.P.50.38)  Supercontinuum pulse train fluorescence technique

Tiago G. B. Souza, Sérgio C. Zilio, Lino Misoguti, Cleber R. Mendonça and Leonardo De Boni
Photonic’s Group, Physics Institute of São Carlos - University of São Paulo

We developed a new version of a well-established technique called pulse train fuorescence (PTF). The present 
technique is very similar to the PTF one, in which, the main advantage is to replace a monochromatic (532 nm) 
excitation laser beam by a white-light supercontinuum beam, increasing the acting range of the technique. The 
technique is able to measure triplet formation and, consequently, triplet quantum eficiency of organic molecules, 
such as porphyrins and phthalocyanines, just by analyzing the fluoresce signal induced by a train of pulses. Basically, 
it is possible because the excitation system is specifically formed by laser pulses separated in time, giving a very 
characteristic train of pulses that can be compared with a pump-probe-like experiment. In the case of PTF technique, 
excitation system takes advantage of a Q-switch and mode-locked laser system centered at 532 nm, which provides a 
beam formed by a train of several pulses (c.a 25 pulses) that are equally separated in time by 13.2ns. However, in the 
case of the SPTF technique, the excitation system is formed by fento-second laser with multi-pass amplifier system. 
In this laser, the train of pulses is produced taking advantage of a multiple-pass system contained in the amplifier 
stage of the laser. The output of the laser amplifier is a fundamental fento-second pulse train, with approximately 
40 laser pulses centered at 800nm and separated by 10 ns. Finally, focusing the beam in a distilled water cuvette, a 
white-light train of pulses beam is generated given a wide spectral range of excitation. The great advantage of the 
new technique presented here is that one can tune a specific wavelength adding proper color filters. As a result, one 
can excite a specific region according to the absorption band of the molecule increasing the wavelength range of the 
PTF technique. Consequently, molecules which do not absorb at specifically wavelength, or has a low absorption, 
can be studied just by choosing a specific wavelength as excitation.
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(MAT.29.P.50.78)   Band gap dependence upon thickness of chalcogenide Ge-As-S thin films

K. Palanjyan, R. Vallée, T. Galstian*
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Chalcogenide glasses have attracted attention due to their wide range of infrared transmission, high non-linear 
refractive indices, low phonon energy, etc. Another well-known feature for this material is its photosensitivity. In 
many applications, it is important to know the band gap structure of such materials. In this work, we have studied 
thin films of Ge25As30S45 glass evaporated by electron-beam technique. We analyzed the transmission spectra of 
thin films of the same nominal composition, obtained under identical conditions, but with four different thicknesses 
varying from 1 micrometer to 7 micrometers. It is important to mention that all the fabricated films were annealed 
for 1h at 300oC (below the glass transition temperature of this glass). As a result, we observed a blue-shift of about 
100 nm of their transmission edge in the short wavelength region. Besides, we calculated the optical band gap of 
those annealed thin films and we observed that the slope of absorption edge becomes less abrupt and the band gap 
decreases when their thickness increases. Furthermore, this band gap decrease is accompanied with a broadening 
of the tails and localized states, which indicate an increase of the degree of disorder in the system. This could be 
explained by the fact that a higher density of defects and dangling bonds are expected for the thinner films, because 
the amount of deposited material is smaller. This implies therefore an increase of both the degree of disorder and the 
concentration of defects, and consequently the decrease of the optical gap. On the other hand, the examination by 
micro Raman spectroscopy of the thin film cross-sections has shown that no significant change of relative content 
of both heteropolar Ge-S, As-S and homopolar Ge-Ge, As-As bonds occurs with increasing the film thickness. 
However, the micro Raman spectroscopy is restricted to structural analysis at the short range order. On the contrary, 
the darker color of the thin films, i.e. their decreasing band gap, implies a more disordered network, indicating here 
the role played by the network disorder at medium and large range order (density, compactness). 

(MAT.29.P.50.79)   Study of photo isomerization and photo induced anisotropy of a mesogenic azobenzen 
dye mixture in various solid and liquid matrices

A. Minasyan, A. Tork  and T. Galstian1

Center for Optics, Photonics and Lasers (COPL)
Department of Physics, Engineering Physics and Optics, Laval University, Quebec, Canada

2375 Rue de la Terrasse, Quebec, G1V 0A6, Canada
1galstian@phy.ulaval.ca

Azobenzen dyes have attracted attention for very broad range of applications, for example, for reversible storage and 
photo alignment [1]. The mechanisms of photo isomerization of one of the phenol groups with respect to the other 
group of such molecules lead to the photo induced rotation of the molecular dipole moment (that is usually parallel 
to the long molecular axis).  It was shown that this rotation happens almost in all cases, even when the molecular 
packaging was extremely tight to prohibit the photo isomerization reaction (in some Langmuir Blodgett films) [2].

Particularly interesting aspect of recent studies of azobenzen dyes was their use for liquid crystal photo alignment in 
liquid crystal displays [3]. The most frequently used mechanism of such alignment was the photo induced reorientation 
of azobenzene molecules. However, one of the commercially available mesogenic azobenzen dye mixtures (LC 
5721) appeared to be very specific since it undergoes photo isomerization process without generating any noticeable 
anisotropy. We have studied the photo isomerization and photo induced anisotropy of that mesogenic azobenzene 
dye which was doped in various isotropic and anisotropic matrices. By using time resolved polarized spectroscopy 
and photo induced dichroism studies, we show that this specific dye mixtures demonstrates a photo isomerization 
process, but its molecules have very limited angular mobility in all tested matrices.
 

[1] V. G. Chigrinov, V. M. Kozenkov, H. S. Kwok, Photoalignment of Liquid Crystalline Materials: Physics and Applications, 
Wiley, New York, 2008.
[2] M. Schonhoff, M. Mertesdorf, M. Losche, J. Phys. Chem. 1996, 100, 7558-7565.
[3] D.-K. Yang and S.-T. Wu, Fundamentals of Liquid Crystal Devices _Wiley, New York, 2006



184 185

(MAT.29.P.50.80)    Photo induced gradient index lens formation in chacolgenid Ge-As-S thin films

K. Palanjyan, R. Vallée, T. Galstian*

Photonics and Laser,
Department of Physics, Engineering Physics and Optics, Laval University,

Many techniques have been described for the development of gradient index (GRIN) optical elements both for 
scientific and applied devices. The GRIN method is based on the gradual variation of the refractive index of an 
optical material to obtain lenses, prisms or more complicated refractive index patterns while maintaining flat external 
surfaces. Those techniques include neutron irradiation, chemical vapor deposition, ion exchange, ion stuffing and 
polymerization, as well as thermal treatment or UV irradiation. 

In the present work we describe the formation of GRIN lenses in a single, simple step with no wet or chemical 
processing.  As a material we have used the photosensitive thin film of chalcogenide glasses of Ge25As30S45 
composition. We have observed relatively high values of photoinduced birefringence in this material, by irradiation 
of its thin films by a CW Argon laser, operating at 514.5 nm (near to its band gap). The measurements of the 
probe wave fronts (at 632.8 nm), passed through these lenses, was done for different time / exposure intensities, by 
using a Shack-Hartmann wave front sensor. The obtained lenses have demonstrated negative optical powers, ranging 
from -0.05 Diopters to -0.45 Diopters. Note that the lenses obtained by this technique have the Gaussian profiles 
with a diameter comparable to the excitation laser spot ~ 3 mm. The original thickness of exanimated films was 5 
micrometers. The surface profile studies (performed by means of a DekTak profilometer) did not reveal noticeable 
changes in the thickness of the film after irradiation at 514.5 nm, indicating that the observed changes are related 
only to the refractive index of the material. The wave fronts were examined for different polarizations (parallel and 
perpendicular to the direction of the polarization of the excitation irradiation) and we obtained different optical 
powers of GRIN lenses for those polarizations. The examination of the aging phenomenon showed, that these lenses 
are not permanent. We think that this is related to the external factors which are changing the compositions (oxidation, 
evaporation etc.) and, therefore, the obtained optic powers are decreasing and even disappearing with time.

(MAT.P.29.50.84)   Chemical Vapor Deposition of Ultrathin Gold Films on Optical Fibers: Real-time Optical 
Monitoring of Film Growth by a Tilted Fiber Bragg Grating 

*David J. Mandia,1 Wenjun Zhou,2 Matthew J. Ward,3 Howie Joress,3 Matthew B.E. Griffiths,1Jacques Albert,2Seán 
T. Barry1

  1 Carleton University, Department of Chemistry, Ottawa, ON, Canada, 1125 Colonel By Drive,  
K1S 5B6  

  2 Carleton University, Department of Electronics, Ottawa, ON, Canada, 1125 Colonel By Drive,  
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  3 Cornell University, Cornell High Energy Synchrotron Source (CHESS), 200L Wilson Lab, Ithaca, NY, US
       *Corresponding Author email: david.mandia@carleton.ca 

Use of a tilted fiber Bragg grating (TFBG) as a sensing platform for the chemical vapor deposition (CVD) 
of ultrathin gold films at thicknesses in the 5-200 nm range has been successfully deployed. A twofold 
dependence on surrounding refractive index (SRI) and polarization mode (S or P) of core-guided light 
interrogating the growing film provides accurate real-time information about the growth profile of gold films 
deposited from single-source precursors developed in our lab. Use of CVD affords many advantages over 
other line-of-sight techniques such as physical vapor deposition (PVD) due to its ability to uniformly coat 
complex surfaces such as optical fibers. Anisotropic, ultrathin gold films deposited from a gold (I) guanidinate 
([Au(NiPr)2CNMe2]2) and gold (I) iminopyrrolidinate ([Au(Me2 -tBu-iPr)]2) compounds nucleated by a 
Volmer-Weber growth mode, where coalescence into uniform monolayers is restricted, and were optically 
characterized ex-situ by Atomic Force Microscopy (AFM) and Scanning Electron Microscopy (SEM) for 
thickness and growth rate data. Use of the transmitted amplitude spectra of the TFBG was used to probe the 
deposition process through attenuation of the S- and P- peak families. Growth rates of 37 nm/min and 1.1 
nm/min were obtained for films generated from the gold (I) guanidinate and gold (I) iminopyrrolidinate, 
respectively. Interestingly, gold films generated by CVD thus far have a calculated positive real permittivity 
and can therefore not support surface plasmon resonance at special thicknesses of 45-50 nm in the near-
infrared range (λ=1520-1610 nm). To aid in understanding the anomalous permittivity of the resulting gold 
films, X-ray photoelectron spectroscopy (XPS), as well as hard X-ray synchrotron techniques (XAFS/
XANES/XRR) were employed to look at the fine structure and local electronic environment of the gold 
films. Use of a uniform dielectric Al2O3 film (50 nm and 100 nm) deposited by atomic layer deposition was 
also investigated since there is proof that it can enhance the degeneracy between both S- and P-polarization 
modes and enhance the SRI sensitivity of the TFBG even further. 
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Miniaturized plasmonic and photonic integrated circuits are generally considered as the core of future generations of 
optoelectronic devices, due to their potential to bridge the size-compatibility gap between photonics and electronics. 
However, as the nanoscale is approached in increasingly small plasmonic and photonic systems, the need to 
experimentally observe and characterize their behavior in detail faces increasingly stringent requirements in terms 
of spatial and temporal resolution, field of view, and acquisition time. This paper focuses on a specific electron 
microscopy technique, Photon-Induced Near-Field Electron Microscopy (PINEM), which is capable of imaging 
optical evanescent fields and surface plasmon polaritons (SPPs) in nanophotonic structures with both nanometer and 
few-hundred-femtosecond resolution. To do so, an advanced electron energy filter is used to analyze the quantized 
energy exchange between a photo-induced SPP and an ultra-short bunch of probing electrons. In electron energy loss/
gain spectroscopy mode, the exchange of up to 30 photon quanta with the photo-induced SPPs in silver nanowires 
is observed. In PINEM imaging mode, the spatial properties of the photo-induced standing SPP wave on a single 
nanowire are shown to be controlled by the polarization of the optical pump pulse. Moreover, in a novel hybrid 
acquisition mode - which characterizes the electron-SPP interaction along both a spatial coordinate and energy - both 
the characteristic spatial interference and the energy quantization of the SPP are obtained in the same experiment, 
providing a unique visualization of the wave-particle duality of its electromagnetic field.
 

(NONLINEAR.28.05.2)   Metallic Conical Nanoantennas: Resonance Characteristics

S. Tuccio1, C. Liberale1,3, A. Alabastri1, A. Toma1, F. de Angelis1, P.Candeloro4, G. Das3,
A. Giugni3, R. Proietti Zaccaria1, E. Di Fabrizio3,4, and L. Razzari2

1Nanostructures, Istituto Italiano di Tecnologia, Via Morego, 30, 16163 Genova, Italy
2INRS – EMT 1650 Boul. Lionel-Boulet Varennes, QC J3X 1S2, Canada

3KAUST, Thuwal 23955-6900, Saudi Arabia
4University Magna Graecia, viale Europa, I88100 Catanzaro, Italy

Conical metallic structures have emerged as promising devices in tip-related spectroscopies since they can localize 
free-space radiation in a nano-spot. Therefore, in addition to the existing theoretical models, the direct estimation of 
the resonance frequencies of conical nanoantennas could be a useful tool. The resonance condition for a cylindrical 
metallic antenna, relating the length L to the resonant free space wavelength λres is: mλres 2= neffL+2η (1), where 
neff=neff

r+i neff
i (neff

r>>neff
i, see Fig. 1a) is the effective refractive index of the TM0 mode supported by the structure, m 

is the resonance order and η accounts for the phase shift acquired upon the reflections of the surface plasmon (SP) 
mode at the antenna ends [1]. A cone can be envisioned as a sequence of coaxial cylinders with decreasing radii, 
hence, in order to derive the resonance condition we integrated neff along the structure. Since in a cone the radius R 
of the circular section at position z can be written as R=ztga, where a is the half angle at the apex, the effective index 
neff

r(z) is in turn a function of the radius (neff
r(R)). The resonant condition for the cone becomes:  

, where Rmin=zmin•tga is the minimum radius at the apex and Rmax=zmax•tg(a)=(L+zmin)•tg(a) is the radius at the base 
of the cone [2]. We performed numerical simulations with a commercial software (CST) and implemented Eq. (2) 
with numerical methods. The results are presented in Fig. 1. A good agreement between the two approaches is found. 
This analytical method might contribute to the improvement of surface-enhanced infrared absorption (SEIRA) 
spectroscopy and non linear studies.
 

Fig. 1 a) neff versus the cylinder radius. Inset: sketch of the device b) λres versus L for the first 3 resonance orders.

[1] E. Cubukcu and F. Capasso, Appl. Phys. Lett. 95, 201101 (2009); [2] S. Tuccio et al, Opt. Lett. 39, 571-573 (2014).
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(NONLINEAR.28.05.3)    Fabrication and characterization of surface nanoscale axial photonics  
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In the last decade, an important goal in the research and development of optoelectronic devices has been to build 
micro-scale devices for trapping and slowing light Silica-based whispering gallery modes (WGM) resonators have 
become favored because of their low losses, very high quality factors, and ease of fabrication. Surface Nanoscale 
Axial Photonics (SNAP) devices are a new generation of WGM microresonators, which consist of an optical fiber 
with nanoscale variations of its radius. 

Here, we present a new fabrication method of SNAPs that uses a regular hydrogen-oxygen torch. While current 
methods work very well, they require equipment that might not be easily available, such as carbon dioxide lasers, 
and is not needed by our technique. We characterize our SNAP with evanescent spectroscopy where the excitation 
source is a tapered optical fiber. A typical transmission response of a fabricated SNAP is shown in Fig. I. It shows a 
collection of resonant modes, with some displaying very high quality factors. For instance, peaks (ii) and (iii) show 
quality factors of 8.6×105 and 8.3×105, respectively. Due to the very low losses, optical non-linear processes (such 
as those caused by the thermo-optic effect) are enhanced. Signatures of the non-linear thermal processes can be seen 
in modes (i) and (iv). This shows that SNAPs fabricated with hydrogen-oxygen torch have the potential to host very 
low loss resonant modes with significant thermal non-linear effects.
 

Fig. I The normalized transmission response of the fabricated SNAP.  

(NONLINEAR.28.05.4)   Lossy pair generation in coupled-cavity systems via spontaneous four-wave mixing
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Photon pair generation is of great importance in photonic technologies such as quantum information and quantum 
communication. One way of generating correlated pairs is to use the nonlinear process of spontaneous-four-wave-
mixing (SFWM) in microring resonators and coupled cavities in photonic crystal slabs where intense laser light 
can be confined over micron-scale lengths [1,2,3]. Generated pairs can then be used as heralded single photon 
sources. However, in any realistic system, there is always loss present during the generation process that can result 
in degraded operation of the device and affect the relative rates of single and multiple pair generation

In this work, we present a mathematical formulation of lossy pair-generation via SFWM in coupled-cavity systems. 
A quasimode basis [4] is used to derive an effective system Hamiltonian and the corresponding dynamical adjoint 
Master equation [4]. By treating the nonlinear part of the Hamiltonian perturbatively, we obtain analytic expression 
for the relevant photon-related operators.

Expectation values for the number of paired photons and unpaired photons are compared to show how generated 
pairs decay into unpaired photons when the loss is present. Moreover, by studying the loss difference between 
signal and idler channels we find that in order to minimize the number of unpaired photons in the system for a given 
experiment, one should ensure that the loss in the two channels is equal. Probability of multiple pair generations 
is calculated from which we conclude that when we lower the loss rates in the signal and idler channels, we obtain 
higher signal-to-noise ratios for the single photon source. Therefore, there is a trade-off between source brightness 
and deleterious multiple-pair generation when assessing the acceptable loss in the SFWM process.

[1] N. Matsuda et al., Optics express 19, 19861 (2011).
[2] M. Davanço et al., Applied Physics Letters 100, 261104 (2012).
[3] S. Azzini et al., CLEO, QTh1E.3 (2013).
[4] M. M. Dignam and M. Kamandar Dezfouli, Physical Review A 85, 013809 (2012).
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Quantum dots (QDs) coupled to structured photonic reservoirs such as photonic crystals (PCs), provide a promising 
platform for tailoring light-matter interaction in a solid-state environment. Such integrated systems are especially 
important for scalable on-chip quantum information processing applications. However, electron-phonon coupling in 
solid-state media has been shown recently to significantly modify the emission properties of a QD as compared to 
an isolated atom [1]. Studying the role of phonons in governing the emission properties of QDs has been an area of 
intense research, predicting a number of interesting effects beyond a simple pure-dephasing model [2,3]. 

One of the primary interests in coupling QDs to structured reservoirs is for modifying its spontaneous emission rate 
(γ) via the Purcell effect. For an unstructured reservoir, γ remains unchanged in the presence of phonons [4] and for a 
structured reservoir it reduces to <B>2 γ in the mean field approximation [2], where <B>2 is the Frank-Condon factor 
[3]. In this work, we introduce a consistent master equation approach with both phonon and photon reservoirs and we 
explore in detail the influence of a photon reservoir on the phonon-modified spontaneous emission rate. Surprisingly, 
we find that neither of the two previous predictions is correct in general and we show how one can significantly tune 
the modification by tailoring the properties of the photonic bath. Moreover, contrary to previous expectations [2-4], 
we show that phonon correlations may lead to enhancement of spontaneous emission. As examples we consider the 
special cases of isolated PC cavities and coupled-cavity PC waveguides. We also perform a systematic study of this 
phonon-modified behavior as a function of temperature and present realistic calculations of QD photoluminescence 
for possible experimental verification. 

[1] S. Weiler et al., Phys Rev. B 86, 241304 (2012).
[2] C. Roy and S. John, Phys. Rev. A 81, 023817 (2010).
[3] C. Roy  and S. Hughes, Phys. Rev. Lett. 106, 247403 (2011).
[4] Dara P. S. McCutcheon and Ahsan Nazir Phys. Rev. Lett. 110, 217401 

(NONLINEAR.28.05.6)   Simple and inexpensive method to improve optical quality of Silicon photonic crys-
tals

Kashif M. Awan1, Sebastian A. Schulz2, Dennis X. Liu2,3, Jeremy Upham2 and Robert Boyd2, 4, 5
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3Department of Engineering, University of Waterloo, Canada
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Photonic crystals (PCs) are contenders for integrated photonic devices to control the flow of light through 
slow light and optical bandgap effects. Although such periodic, sub-micron structures utilize sophisticated 
fabrication processes, their performance is limited by fabrication tolerances, run to run variations and 
defects on fabricated devices. The ability to tune or even improve the optical properties of PCs after optical 
characterisation by an inexpensive, wet chemistry post-processing technique could solve many of these 
problems [1].

Here we present such a process for silicon slow light photonic crystal waveguides (SLPCWGs) that tunes 
the slow light band (region with high ng).  The process consists of first oxidizing a thin, outer layer of 
Silicon by Hydrogen Peroxide (H2O2), followed by removal of this oxidized layer by Hydrofluoric acid 
(HF). Optical characterization shows changes in the slow light properties of these SLPCWGs.  Fig.1. 
demonstrates that the slow light band is blue-shifted by approximately 2.0 ± 0.4 nm per cycle of the wet 
chemical process, consistent with the removal of silicon, through increased hole size and reduced slab 
thickness.

We have demonstrated that this wet chemical process can be used to modify the optical properties of a 
SLPCWG, through tuning of the slow light wavelength region. The observed behaviour is consistent with 
the removal of silicon during the chemical etching. Furthermore we expect this process to reduce the 
surface roughness and associated optical losses in fabricated photonic crystal waveguides.

Fig.1: Group index spectra of the same SLPCWG after multiple iterations 
of the wet chemical process. Curves for zero, two, five and seven cycles of 
the chemical process are shown and wavelength shift is clearly observable. 

Inset: SEM top view image of a SLPCWG.

[1] B.S. Song, T. Nagashima, T. Asano and S. Noda,  Appl. Opt. 48, 4899 (2009).
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(NONLINEAR.28.05.7)    First high aspect ratio nanorod photonic crystal on lithium niobate

Clément Guyot1, Gwenn Ulliac1, W. Qiu1, M.-P. Bernal1, F. Baida1, and Nadège Courjal1
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The development of ultra-compact and highly reflective photonic crystals (PhCs) represents a stimulating challenge 
for the production of sensitive integrated optical components, such as filters or sensors. Versatility of lithium niobate 
(LiNbO3) makes it an excellent candidate for such realizations. PhCs with reflection over 90% already exist on 
LiNbO3 waveguides, but active lengths over 1 mm are needed to compensate the small index contrast induced by 
the applied techniques [1]. By combining optical grade dicing and focused ion beam milling (FIB), we are able to 
fabricate photonic crystals with high aspect ratio and high index contrast on low-loss ridge waveguide (<1 dB/cm), 
allowing a drastic reduction of the length of the PhCs. As a result, we recently proposed a 8 µm long Bragg grating 
on LiNbO3 ridge waveguide with a reflectivity of 50% [2]. Here, we go a step further as we present the fabrication 
and the optical characterization of the first high aspect ratio nanorods in LiNbO3. After milling a Bragg grating from 
the lateral side of the ridge, we realize square shaped rods with aspect ratio over 16 by FIB milling the topside of the 
grating (Fig. 1). The 3.8 µm long and 5.25 µm deep PhC has a period of 644 nm and a mark-to-space ratio of 0.5. A 
reflection of 86% is expected at 1550 nm by 2D-FDTD (Finite Difference Time Domain) for TE polarization. The 
photonic bandgap was observed from 1450 to 1610 nm by means of an optical parametric oscillator and first OCT 
measurements with a high resolution optical spectrum analyzer in the C-band are in good agreement with numerical 
predictions.
 

Fig. 1 : SEM image of 2D nanorods etched by FIB milling on LiNbO3 ridge waveguide

[1] B.-E. Benkelfat et al., IEEE Photonics and Technology Letters 14, 1430-1432 (2002).
[2] C. Guyot et al., Optics Letters 39 (2), pp. 371-374 (2014)

(NONLINEAR.28.05.8)   Characterization of  ZnO Nanowires based Heterojunction LED 

Bita Janfeshan1 and Siva Sivoththaman1
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Achieving high efficiency, bright emission, and low cost LEDs is still a challenge in emerging applications like 
solid state lighting and high density storage. Nanostructure LEDs are suggested as a promising solution to overcome 
these limitations due to higher carrier injection rate with lower density of defects at the interface. ZnO is a wide 
band gap semiconductor with large exciton binding energy which makes it suitable for UV-blue and visible LEDs. 
However, fabrication of homojunction ZnO based LEDs is not yet possible due to difficulties in p-type doping of 
ZnO. Therefore, heterojunction ZnO LEDs have been introduced as an alternative.

In present work, a heterojunction of p-GaN/n-ZnO was developed and its photoluminescence (PL) and 
electroluminescence (EL) properties were studied. ZnO nanowires (NW) were grown on GaN film via hydrothermal 
method. Then, the photoluminescence and electroluminescence properties of the device were investigated. 
 
 

The EL spectra of the device under 4 mA injecting current exhibited a whitish color under forward bias, Fig. 1 (a), 
while only a blue emission was observed under reverse bias, Fig. 1 (b). The emitted light under forward bias consists 
of a blue light at 379 nm along with a green-yellow color at 580 nm. The difference in light emission spectra under 
forward and reverse bias emission is due to band bending and tunneling effect in the heterojunction which will be 
discussed in detail in the full paper. 
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Vladimir M. Shalaev, U. Guler, G. V. Naik, M. Shalaginov, A. Lagoutchev, A. V. Kildishev, M. Ferrera, N. Kinsey 
and A. Boltasseva
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E-mail: shalaev@purdue.edu

To bring metamaterials to real-life applications, we need to develop new improved plasmonic components, which 
would be compatible with the current semiconductor industry, and employ the cost-effective planar fabrication. In 
this talk we review recent progress in developing CMOS-compatible plasmonic materials and novel planar optics 
based on metasurfaces.

(NONLINEAR.28.12.2)   Scattering and nonlinear spectroscopy of gold nanoparticle-metal film in the nonlo-
cal regime

Ghazal Hajisalem, Qiao Min, Ryan Gelfand, and Reuven Gordon*

Department of Electrical Engineering, University of Victoria, Victoria, B.C., Canada 
*rgordon@uvic.ca

Plasmonic rulers have been used to measure the nonlocal influence on the Au nanoparticle (NP) - metal film 
resonance shift and probe the ultimate field enhancement [1]. Here we examine the influence of surface roughness 
on this plasmonic ruler in the nonlocal regime. It is shown that the resonance shift is larger for ultra-flat films [2] 
with self-assembled monolayers (SAMs), suggesting that there is not the saturation from nonlocal effects previously 
reported [1], which is consistent with recent time-dependent density functional theory [3]. We find, using atomic force 
microscopy, that the rough samples are planarized by the SAMs, which makes the spacing thicker than expected and 
this accounts for the strong saturation reported in previous experiments. The plasmon field enhancement of NP over 
thin film, in nonlocal regime, have been studied by collecting the third harmonic generation (THG) signals around 
527 nm from different spots on the samples [4]. A 100 fs laser at 1580 nm has been used as an exciting source. We 
show greatest enhancement for the thinnest spacer layer used so far, even though the plasmon resonance is tuned out 
of resonance.

[1] C. Ciracì, R. T. Hill, J. J. Mock, Y. Urzhumov, A. I. Fernández-Domí¬nguez, S. A. Maier, J. B. Pendry, A. Chilkoti, and D. 
R. Smith, Science 337, 1072 (2012).
[2] G. A. Cervantes Tellez, S. Hassan, R. N. Tait, P. Berini, and R. Gordon, Lab Chip 13, 2541 (2013).
[3]  T. V. Teperik, P. Nordlander, J. Aizpurua, and A. G. Borisov, Phys. Rev. Lett. 110, 263901 (2013).
[4] G. Hajisalem, A. Aftab, Y. Pang, and R. Gordon, Opt. Express 20, 29923 (2012).
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Semiconductor industry requires analytical methods with nanometer precision for the analysis of nanostructures 
deposited on various substrates. Chemically-sensitive methods like confocal Raman or IR-spectroscopy are 
diffraction limited and do not provide access to the nano-scale. To make chemical characterization available at the 
nanoscale, we work on tip enhanced Raman spectroscopy (TERS) for optical imaging beyond the diffraction limit. 
This aperture-less near-field scanning microscopy technique generates localized surface plasmons at the apex of a 
probe tip to image the sample’s surface. The backscattered light is spectrally resolved to reveal structural and chemical 
information based on Raman scattering and fluorescence. To investigate electrically insulating nanostructures such 
as dielectrics grown on non-transparent substrates, we scan by AFM with tuning fork probes and on-site produced 
tips under optical side-access. In this talk, we elucidate side-access TERS and present images on ferroelectric nano-
crystals with an optical resolution of 5 nm.
 

                            TERS image of a ferroelectric nano-crystal. The color scale represents the spectral 
                                   maximum of the backscattered light, creating a color image a the nanoscale.

(NONLINEAR.28.46.1)   Aspects of Photonic Topological Insulators

Mikael C. Rechtsman1, Julia M. Zeuner2, Yonatan Plotnik1, Yaakov Lumer1, 
Mordechai Segev1, Alexander Szameit2 

1Department of Physics, Technion – Israel Institute of Technology, Haifa 32000, Israel
2Institute of Applied Physics, Abbe Center of Photonics, Friedrich-Schiller-Universität Jena,  

Max-Wien-Platz 1, 07743 Jena, Germany

I will present the first observation of topological protection in optics - specifically, a photonic Floquet topological 
insulator.  Topological insulators (TIs) are solid-state materials that are insulators in the bulk, but conduct electricity 
along their surfaces - and are intrinsically robust to disorder.  In particular, when a surface electron in a TI encounters 
a defect, it simply goes around it without scattering, always exhibiting – quite strikingly – perfect transmission. The 
structure is an array of coupled helical waveguides (the helicity generates a fictitious circularly-polarized electric 
field that leads to the TI behavior), and light propagating through it is ‘topologically protected’ from scattering.  
Topological protection therefore has the potential to endow photonic devices with quantum Hall-like robustness.   
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By coupling two fiber loops of different length a spatio-temporal mesh lattice is generated. Like in well-known 
waveguide arrays the field is located at discrete positions, but furthermore the temporal evolution of the system is 
also discretized. This leads to the characteristic quantum walk distribution when starting from a single lattice site. 
Moreover pulse spreading on this lattice is drastically changed, when nonlinear effects lead to a strong self-phase 
modulation. Starting from the quantum walk in the linear regime, we show experimental results on the formation of 
double discrete solitons at high powers. 

By utilizing the dispersion relation of the coupled fiber loops effective masses can be assigned to wave packets. 
We have experimentally observed the formation of an optical diametric drive, i.e. a self-accelerating bound state 
consisting of two nonlinearly interacting wave packets with effective masses of opposite signs [1].
In addition the manipulation of the amplitude and the phase of pulses lead to effective parity time (PT) symmetric 
materials [2].

[1] M. Wimmer et al., Nature Physics 9, 780-784 (2013) 
[2] A. Regensburger et al., Nature 488, 167 (2012).
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Accelerating beams are the optical beams propagating along a curved trajectory. In the last several years, they 
have attracted a lot of attentions. Since Airy beams were introduced into optics, they have been employed in a 
variety of applications, such as the generation of curved plasma channels, optical trapping and manipulation, and 
micro-fabrication. It has been shown that accelerating beams can be designed to propagate along arbitrary convex 
trajectories through engineering the phase of a light wave in either real or Fourier space. However, most of the work 
thus far focused on one-dimensional configurations only, with the emphasis on the engineering of beam trajectories. 
The dynamics of two-dimensional (2D) accelerating beams, a useful knowledge for practical applications, has not 
been investigated in a general way. 

In this work, we study analytically and experimentally the dynamics of two dimensional accelerating beams generated 
from the Fourier-space phase modulation of a light. We demonstrate that the trajectory of a 2D accelerating beam 
can be designed from a direct mapping between the spatial spectrum and the propagation distance. In addition, the 
main lobe of the beam can be approximately described by an analytical solution in a generalized way. Moreover, we 
also propose a method to optimize the accelerating beam generation, aiming at obtaining enhanced peak intensities. 
Our theoretical analyses are in good agreement with the experimental results. Our findings may be relevant to many 
applications as mentioned in the introduction.
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(NONLINEAR.29.19.1)    Non-linear terahertz response of carriers in low dimensional semiconductors

Koichiro Tanaka 1,2
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Recent development of ultra-short pulse technologies allows us to drive large amplitude motion of electron and ion 
coherently.  The intense terahertz (THz) pulse resonant with the vibration frequency is promising to drive vibrations 
more directly and in coherent manner. In the case of semiconductors, one may coherently control the electronic 
system in the sub-level structures of quantum structures with intense THz waves [1].  In the first part of the talk, we 
would like to focus THz nonlinear optical response of carriers in low dimensional semiconductors using intense THz 
pulses.  First, we will show strong spectral modulations in the heavy-hole and light-hole exciton absorption band in 
ZnSe/ZnMgSSe [2] and GaAs/AlGaAs [3] multiple-quantum-wells (MQWs) under intense THz electric field.  The 
peak-shift of exciton absorption clearly indicates deviation from the Stark effect, which implies that the interaction 
between exciton and THz wave enters the non-perturbative regime. These results indicate that AC Stark effect and 
dynamical Franz-Keldysh effect should be competed in this field strength around ETHz=10 KV/cm.  Furthermore, 
we will show novel carrier multiplication observed in GaAs MQWs under strong THz electric filed above 0.5 MV/cm 
[4, 5].  Importance of the impact ionization process will be stressed with a phenomenological model.  In the second 
part, we will present generation of transient spin-polarized current of the surface Dirac electrons with femtosecond 
pulse excitation at 1.5 eV in the topological insulator Bi1.5Sb0.5Te1.7Se1.3. The transient current was observed by 
terahertz-emission spectroscopy.  Time-domain analysis of the emitted terahertz waveform shows that the relaxation 
time of the electric current is much faster than the time resolution 100 fs.  Nonlinear terahertz response of carriers 
will be discussed with Floquet theory.  

References
(1) T. Kampfrath, K. Tanaka and K. A. Nelson, Nature Photonics 7,680–690 (2013).
(2) H. Hirori, M. Nagai, and K. Tanaka, Phys. Rev. B 81, 081305(R) (2010).
(3) K. Shinokita, H. Hirori, M. Nagai, N. Satoh, Y. Kadoya, and K. Tanaka, App. Phys. Lett. 97, 211902 (2010).
(4) H. Hirori, K. Shinokita, M. Shirai, S. Tani, Y. Kadoya, K. Tanaka, Nature Communications, 2, pp. 594-1-594-6, (2011).
(5) K. Shinokita, H. Hirori, K. Tanaka, T. Mochizuki, C. Kim, H. Akiyama, L. N. Pfeiffer and K. W. West, Phys. Rev. Lett. 111, 
067401 (2013).

(NONLINEAR.29.19.3)    Terahertz Field Induced Second Harmonic Coherent Detection Scheme based on a 
Biased Nonlinear Micro-slit
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It is well known that static fields can break the symmetry of a centrosymmetric medium, which can hence show 
a quadratic nonlinear behavior, e.g. Electric Field Induced Second Harmonic (EFISH). Terahertz radiation can be 
regarded to as a static field compared to an optical field and can hence also induce quadratic behavior in Kerr media 
(Terahertz Field Induced Second Harmonic – TFISH). Coherent detection schemes can be obtained exploiting TFISH 
in air by adding an external, oscillating bias field to the interaction [namely Air Biased Coherent Detection (ABCD) 
[1]]. Here we propose a novel implementation of the ABCD protocol relying on TFISH effects in a solid state-
based device, consisting of an infinitely long 30 μm slit of Silica (SiO2) biased by a couple of gold electrodes. The 
underlying idea of our work is that of exploiting the large breakdown voltage and the high nonlinearity of glass to 
achieve a large signal to noise ratio detection with a very weak optical probe at moderate bias fields, thus drastically 
reducing the electrodes gap. Our results pave the way to a novel approach towards broadband THz detection.
 

Fig. 1. (a) Basic scheme of the sample with the biased micro-slit. PMT is a photo-multiplier tube. (b) Electric field 
trace recorded via the proposed technique with 250 V applied on the electrodes. In the inset the THz electric field 
trace recorded with standard EO sampling with a ZnTe crystal is shown. Trace (c) shows the measurement obtained 
for the same situation of (b) but without bias field. (d) Numerical simulation of a section of the electric field map 

inside the fabricated sample for an applied 250 V potential between the electrodes. 

[1] N. Karpowicz, J. Dai, X. Lu, Y. Chen, M. Yamaguchi, H. Zhao, X.-C. Zhang, L. Zhang, C. Zhang, M. Price-Gallagher, 
C. Fletcher, O. Mamer, A. Lesimple, and K. Johnson, “Coherent heterodyne time-domain spectrometry covering the entire 
“terahertz gap,”” Appl. Phys. Lett. 92, 011131 (2008).
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We report nonlinear terahertz (THz) transmission through photoexcited graphene, observed using optical-pump / 
intense-THz-probe technique. A monolayer graphene sample on a SiC substrate is optically pumped by 800 nm, 
40 fs Ti:sapphire laser pulses. The photo-induced carrier dynamics is probed by the intense THz pulses, which 
are generated via optical rectification in a LiNbO3 crystal using the pulse-front-tilting technique [1]. Transient 
enhancement is observed in the THz transmission after photoexcitation of the graphene sample. This response is 
attributed to reduction in the photoconductivity of the graphene sample due to cascade photoexcitation and hot-
carrier multiplication effects [2], accompanied by increased carrier-carrier and carrier-phonon scattering rates. More 
interestingly, we found that the differential transmission is reduced nonlinearly by increasing the THz field from19 
kV/cm to 140 kV/cm, as shown in Fig. 1. We interpret this nonlinear THz response to be caused by both the intrinsic 
nonlinear response of graphene, combined with THz-induced changes in the effective scattering rate [2,3]. The 
transient response relaxes with a time constant of ~1.1 ps, and is found to increase as a square root function of the 
pump fluence, as shown in Fig. 1(b).

Fig. 1. (a) The pump/probe response of the graphene 
sample defined by the differential transmission  
(ΔT/T0) as a function of the delay time, for various 
THz peak electric fields at a fixed optical pump fluence,  
and (b) the peak THz electric field dependence of the 
peak pump/probe response at three pump fluence,  
with dots showing the experimental data and lines the fitting.

[1] F. Blanchard et al., IEEE Journal of Selected Topics in Quantum Electronics 7, 5 (2010). 
[2] K. J. Tielrooij, et al. Nature Phys. 9, 248 (2013)
[3] S. A. Mikhailov and K. Ziegler, J. Phys: Condens. Matter 20, 384204 (2008).
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The knife-edge (KE) technique is a well known profiling method for laser beams [1] and it is widely used in terahertz 
(THz) characterization. Specifically, the full amplitude and phase distribution can be retrieved using THz time-
domain spectroscopy (TDS) systems. However, the characteristics of a sub-wavelength (sub-λ) THz source are not 
accessible using integrated KE techniques due to the nonseparable space-time nature of the radiated field and to 
the systematic modifications induced by the blade itself. Recently, it has been demonstrated that the KE technique 
is also applicable in the characterization of sub-λ THz sources in a near-field configuration by using the temporal 
information to achieve the full source profile retrieval [2]. Nevertheless, the KE is still a mechanical technique where 
the distance between the actual field generation plane and the blade plus its physical thickness introduce inherent 
inaccuracies in the determination of the sub-λ features of a source. A novel and non-contact technique is introduced 
in this work, where an all-optical, ultra-thin knife-edge (OKE) is demonstrated relying on the THz absorption by 
photo-excited free carriers at the output facet of the THz generation crystal, thus eliminating the need of a physical 
blade. Terahertz pulses are generated through optical rectification of femtosecond optical pulses generated by a 
Ti:sapphire regenerative amplifier (pulse duration of 120 fs, wavelength of 800 nm, repetition rate of 1 kHz) from 
a ZnTe crystal. Counter propagating ultraviolet (UV) pulses (λ = 400 nm, of photon energy 3.1 eV) are exploited 
to induce a photo-carrier layer via single photon absorption in proximity of the output surface of the THz-emitting 
ZnTe crystal. A pump illumination pattern consisting of narrow bright fringes (fringes spacing ≈ 30 μm, achieving 
sub-λ scale in THz regime) is generated by a Fresnel biprism with the apex angle of 177°, mounted prior to the ZnTe 
crystal. Our results demonstrate the possibility of a novel, all-optical, ultra-thin-thickness KE as an effective and 
promising profiling technique for sub-λ THz sources in different shapes. 

[1] D. Grischkowsky, Opt. Photonics News 3, 21 (1992).
[2] M. Peccianti et al., IEEE J. Sel. Topics Quantum Electron. 99, 1 (2012).



204 205

(NONLINEAR.29.19.6)   Taming strong ultrashort laser and THz fields

S. Tzortzakis1,2

1Institute of Electronic Structure and Laser, Foundation for Research and Technology – Hellas, P.O. Box 1527, 
71110, Heraklion, Greece

2Materials Science and Technology Department, University of Crete, P.O. Box 2208, 71003, Heraklion, Greece

The nonlinear propagation of ultrashort laser pulses in the form of solitons, filaments and light bullets is an exciting 
research field. Beyond the basic studies on the complex physical phenomena involved, the field is driven significantly 
by the numerous applications. One major application is the use of filaments as sources of intense THz radiation. The 
strength of these sources is such that opens the way to perform excitation and nonlinear optics experiments in this 
part of the spectrum (see e.g. [1]).

                                                                 
 

Here a number of recent studies we have been performing on taming these strong laser and THz fields based on two 
major approaches: using exotic wave packets (see Fig. 1(a) [2,3]) and photonic lattices (see Fig.1(b) [4]) will be 
presented.

[1] J.-M. Manceau, P. A. Loukakos and S. Tzortzakis, “Direct acoustic phonon excitation by intense and ultrashort THz pulses”, 
Appl. Phys. Lett. 97, 251904 (2010)
[2] D. Abdollahpour, S. Suntsov, D. G. Papazoglou, and S. Tzortzakis, “Spatio-temporal Airy light bullets in the linear and 
nonlinear regimes”, Phys. Rev. Lett. 105, 253901 (2010)
[3] P. Panagiotopoulos, D. G. Papazoglou, A. Couairon, and S. Tzortzakis “Sharply autofocused ring-Airy beams transforming 
into nonlinear intense light bullets” Nature Communications 4, 2622 (2013)
[4] M. Bellec, P. Panagiotopoulos, D. G. Papazoglou, N. K. Efremidis, A. Couairon, and S. Tzortzakis, Observation and optical 
tailoring of photonic lattice filaments, Phys. Rev. Lett. 109, 113905 (2012)
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 In this talk we will discuss our work on engineering light-matter interaction using organic-inorganic hybrid 
excitons. Specifically we will discuss our recent work on hybridization of organic and inorganic excitons via strong 
coupling to a common microcavity photon mode [1]. The system consists of 3,4,7,8-napthalenetetracarboxylic 
dianhydride (NTCDA) and ZnO nanocrystals embedded in a dielectric microcavity as shown schematically in Fig. 
1(a). The strongly coupled hybrid exciton polaritons shows large Rabi splitting (~320 meV) that surpasses that shown 
by the individual systems indicative of the emergent property of the hybrid excitons such as enhanced oscillator 
strength. Results of angle resolved reflectivity showing the three polariton branches and the large rabi splitting is 
shown in  Fig. 1(b).

Fig. 1 (a) Schematic of the hybrid microcavity structure. (b) Room-temperature 
angle-resolved TE-polarized reflectivity (gradient) of the hybrid microcavity 
showing the three polariton branches. Extracted minima in the reflectivity (filled 
circles) correspond to the position of the polariton branches, while the solid line 
corresponds to the fit based on coupled oscillator model.

Following this we will discuss enhanced nonlinear optical response of organic-inorganic hybrid nanocomposites 
by engineering the coupling between excitons of bulk NTCDA and ZnO nanowires. Energy transfer between the 
excitonic systems and exciton scattering are found to be competing processes that can be used to manipulate the 
nonlinear absorption of the hybrid nanocomposite system. 

[1] M. Slootsky, X. Liu, V. M. Menon, and S. R. Forrest, “Room Temperature Frenkel-Wannier-Mott Hybridization of Degenerate 
Excitons in a Strongly Coupled Microcavity,” Phys. Rev. Lett. 112,076401 (2014). 
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(NONLINEAR.29.26.2)   Multimaterial Fiber Nanomanufacturing: from Photodetectors to Nonlinear Light 
Sources

B. Gholipour1, V. Nalla1, P. Bastock2, K. Khan2, C. Craig2, D. W. Hewak2, N. I. Zheludev1,2 and C. Soci1

1Centre for Disruptive Photonic Technologies, Nanyang Technological University, Singapore
2Optoelectronics Research Centre, University of Southampton, UK

Optical fibers have been realized in a wide range of functional optical and electronic materials including amorphous, 
crystalline and semiconducting compounds. There is now a drive to use such a mature technology for mass 
manufacturing of multimaterial micro- and nano-structures. We will discuss how this can be achieved by conventional 
fibre drawing techniques (including multiple stack and redraw), or via a new fabrication method that takes advantage 
of planar nanofabrication processes adding freedom to the design of microstructured fibre composition and geometry. 
We show examples of semiconducting chalcogenide microfibers and high aspect ratio metallic nanowire embedded 
in a glass matrix fabricated through these methods. We demonstrate the relevance of these novel materials and 
structures in nonlinear optics and nanophotonics through examples of fiberized photodetectors and neuromorphic 
chalcogenide microfibers of the alloy gallium lanthanum oxysulphide (GLSO). Finally, we present recent results 
on the use of metal nanowire embedded in silicate microfiber for plasmonic-enabled broadband, collimated light 
emission. 

(NONLINEAR.29.26.3)   Multiphoton methods in fabrication and imaging towards high sensitivity  
label-free detection in biology

C. Liberale1,2

1Nanostructures, Istituto Italiano di Tecnologia, Via Morego, 30, 16163 Genova, Italy
2KAUST, BESE division, Thuwal 23955-6900, Saudi Arabia

I will show the use of Two-Photon Polymerization (TPP) lithography as a powerful and polyvalent fabrication tool to 
realize complex 3D polymeric micro- and nano-structures for imaging and Optical Tweezers applications [1-3]. TPP 
is a direct laser writing process, where a focused ultrafast laser beam cross-links a photo-polymerizable resin only 
in its focal volume, through a nonlinear absorption process. It allows fabrication of devices and structures that are 
not easily realizable through multistep manufacturing processes. I will describe design and fabrication steps for the 
realization of advanced structures (Fig. 1a) that can be manipulated with Optical Tweezers and feature a plasmonic 
nanofocusing probe, towards label-free super-resolution spectroscopy and topography\force measurements on in-
suspension living cells.

Multiphoton methods have also recently found convincing application in biology and medicine for high sensitivity 
label-free imaging. Indeed, coherent Raman microspectroscopy techniques [4] have made possible non-perturbative 
examination of living biological samples based on molecular vibrational spectroscopy. After a brief review of the 
latest advances in this field, I will describe an application to the visualization of lipidic organelles in cancer cells (Fig. 
1b). An increasing number of evidences is showing a fundamental role of lipids in cancer initiation, promotion and 
progression, thus clearly suggesting that nonlinear Raman techniques could become an important tool in the study 
of cancer biology.

 

Fig. 1 a) 3D microstructure fabricated by TPP b) Stimulated Raman microscopy of Lipid Droplets in cancer cells.

[1] S. Bianchi et al., Opt Lett., 38, 4935 (2013);
[2] C. Liberale et al., Sci. Rep. 3, 1258 (2013); 
[3] C. Liberale et al., IEEE Photon. Technol. Lett., 22, 474 (2010). [4] Min et al., Annu. Rev. Phys. Chem. 62, 507 (2011).
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Airy pulses are ubiquitous in dispersive optical systems. They have attracted increasing attention since they were 
introduced into optics. The dynamics of these pulses has been studied in both the linear and nonlinear regimes. 
However, Airy pulse propagation in the presence of higher-order nonlinearities in fibers is still unexplored. Among 
these nonlinearities, stimulated Raman scattering (SRS) is perhaps the most fundamental; it introduces asymmetry 
(in time) in the pulse dynamics due to its delayed nature, which leads to a continuous downshift of the frequency of 
a gradually slowing soliton – the so-called soliton self-frequency shift (SSFS). Since Airy pulses exhibit asymmetric 
shapes of oscillatory tails, they may show interesting behavior under the action of the asymmetric Raman response of 
the fiber. Moreover, clarifying the dynamics of these pulses in the presence of SRS could be beneficial in controlling 
SSFS as well as in the understanding of the Airy pulse evolution in more complex nonlinear systems. In this work, 
we studied and compared the SSFS for Airy pulses with leading and trailing tails (comparing to the main lobe of 
the pulse) in fibers under the condition that the nonlinear length is much shorter than the corresponding dispersion 
length. We found that Raman solitons are mainly influenced by the main lobe for the tail-leading Airy pulses, while 
they tend to gain energy from the subsequent interaction with the Airy tails for the tail-trailing case. The generation 
of a secondary Raman soliton becomes more difficult for the former case since more power is taken away from 
the main lobe as compared with the latter case. In our experiment, we proposed an approach to control the Raman 
frequency shift through the offset of the spectral phase associated with the input Airy pulses. Our method can be 
also employed for investigating the dynamics of Airy or related self-accelerating pulses at a much lower input power 
level. These studies will bring about new possibilities for effective frequency tuning of Raman solitons, an important 
property towards many applications such as pulse compression and spectroscopy.

(NONLINEAR.29.26.5)   Exciton-polariton dynamics in organic-semiconductor Fabry-Perot microcavities 
probed by multidimensional coherent spectroscopy  

Carlos Silva
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(NONLINEAR.29.31.1)   Measuring the temporal wave function of a photon
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Obtaining information about the temporal mode of a single photon is key to improving its interaction efficiency with 
various quantum communication devices. Here we demonstrate an experimental technique which allows us to fully 
characterize the photon in the time domain by means of determining its temporal density matrix. The characterized 
photon is heralded from four-wave mixing in an ensemble of three-level Lambda-type atoms. The elements of the 
time-bin density matrix are estimated from the autocorrelation data of the homodyne current corresponding to the 
signal photon. The temporal wave function obtained from the calculated temporal density matrix is matched with the 
theoretical calculations. We also demonstrate the application of this technique in determining the temporal profile 
of a single photon whose phase is modulated using an electro-optic modulator in the heralding channel. Such a 
technique as demonstrated here will have potential applications in the development of quantum technologies focused 
on efficient light matter interaction at single photon level.
   

(NONLINEAR.29.31.2)   Molecular Photons Interfaced with Alkali Atoms

W. Kiefer1, K. Kafenda1, M. Rezai1, P. Siyushev1, G. Stein1, J. Wrachtrup1,2, I. Gerhardt1,2

13. Physikalisches Institut, University of Stuttgart and
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Organic molecules at liquid helium temperatures can constitute high-brightness and narrow-band single photon 
sources. Since the collection efficiency can be very high, the detectable count-rates can reach up to several million 
counts per second. Due to the low temperature, it is possible to achieve the lifetime limited line-width, which can 
be as narrow as a few MHz. Subsequently, single molecules might become an important building block for quantum 
information processing. A number of quantum optical experiments were conducted with single photon sources 
based on single molecules [e.g. 1]. It has been shown that spectral detuning of the molecules is possible, such that 
indistinguishable photons were generated [2] and an optical interaction between several molecules could be shown 
[3]. Unfortunately, single molecules do usually not allow for extensive spin-manipulations. Thereby, a variety of 
quantum optical experiments were conducted with other systems.
Another important ingredient for quantum information processing is the implementation of a quantum memory. The 
quantum state of a flying qubit has to be preserved over some time to reach a full quantum processor. Coherence 
times up to a few milliseconds can be achieved in other systems, such as ions or atoms in traps. Also, atomic vapors 
allow for optical storage and can be utilized as an efficient quantum memory [4].
In the past, it was impossible to exploit the high brightness of single molecules in combination with an efficient 
quantum memory, simply due to the lack of spectral overlap. In our experiments, the inhomogeneous band of 
the chosen molecule coincides nicely with different alkali transitions. Simply by spectral selection within the 
inhomogeneous broadening, we can find molecules matching perfectly with a desired atomic transition. Here, we 
present the first optical interaction between light from a single molecule and atomic vapors. Utilizing excitation into 
a higher vibronic state, we achieve a high single photon rate with a line-width of approx. 30 MHz. We reach up to 
600,000 detected single photons per second. This is, reformulated in spectal brightness, 30,000 detected photons per 
second and MHz bandwidth.
Furthermore, the single molecules can be spectroscopically tuned by the Stark effect to match the reso- nance of the 
atomic line. Thereby, an optical tuning is possible to any desired transition. In a novel experiment we are able to slow 
down near-resonant photons from a single molecule [5], and simultaneous show its single photon properties.
Since hot atomic vapor displays a high optical density on its optical resonances, we are able to explore this feature for 
optical filtering in single molecule studies. Resonance excitation of these molecules can be blocked with an effective 
4 GHz wide filter function, which has a pass-band with more than 90 % transmission. In other configurations [6] 
we are able to exploit the anomalous dispersion for efficient filtering of the emitted single photons. It is possible to 
surpass the commonly used, commercial filters, which are typically used for these tasks.

[1] - G. Wrigge, I. Gerhardt, J. Hwang, G. Zumofen and V. Sandoghdar, “Efficient coupling of photons to a single molecule and 
the observation of its resonance fluorescence,” Nature Physics 4, 60–66 (2008)
[2] - R. Lettow, Y. L. A. Rezus, A. Renn, G. Zumofen, E. Ikonen, S. Gtzinger, and V. Sandoghdar, “Quantum Interference
of Tunably Indistinguishable Photons from Remote Organic Molecules,” Phys. Rev. Lett. 104 , 123605
(2010)
[3] - C. Hettich, C. Schmitt, J. Zitzmann, S. Kuhn, I. Gerhardt, V. Sandoghdar, “Nanometer Resolution and Coherent Optical 
Dipole Coupling of Two Individual Molecules,” Science 298, 385–389 (2002)
[4] - D. F. Phillips, A. Fleischhauer, A. Mair, and R. L. Walsworth and M.D. Lukin, “Storage of Light in Atomic Vapor,” Phys. 
Rev. Lett. 86, 783-786 (2001)
[5] - L. V. Hau, S. E. Harris, Z. D. and C. H. Behroozi, “Light speed reduction to 17 metres per second in an ultracold atomic 
gas,” Nature 397, 594–598 (1999)
[6] - D. J. Dick and T. M. Shay, “Ultrahigh-noise rejection optical filter,” Opt. Lett. 16, 867 (1991).
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(NONLINEAR.29.31.3)   Quantum cryptography: implementations and practical security
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Parametric down conversion (PDC) is a widespread, convenient source of squeezed vacuum states of light. However, 
most parametric amplifiers generate highly multimode radiation, spatially and temporally, thereby reducing the 
eventual benefits of such states. In this work we demonstrate that quasi-single spatial mode bright squeezed vacuum 
(BSV) can be generated from two strongly pumped, unseeded parametric amplifiers (χ(2) crystals) separated in 
the propagation direction of the pump. The PDC from the first crystal exhibits a wide angular spectrum, but upon 
reaching the second crystal, only a small solid angle still overlaps with the pump. As a consequence, when the 
distance between the crystals is increased, fewer and fewer spatial modes are amplified, until the radiation becomes 
spatially single mode. The number of modes is determined through the degree of second-order correlation g(2). 
The 3rd harmonic of a Nd:YAG laser (355 nm) is used as the pump, and two 3 mm BBO crystals are aligned for 
degenerate phase matching. The PDC radiation then passes through a monochromator and is finally collected by 
two high quantum efficiency p-i-n diode detectors.  The evolution of g(2) with the distance shows that the minimum 
number of spatial modes is 1.1, not 1, due mostly to nonamplified radiation from the first crystal. Oscillations in g(2) 
are attributed to the interference between the PDC of the two crystals. These results match the theoretical predictions 
based on the Bloch-Messiah reduction. The squeezing of the radiation is in turn monitored by the normalized variance 
of the photon-number difference, also called the noise reduction factor (NRF). For this purpose, the crystals were 
realigned for two-color phase matching (635 and 805 nm) and the monochromator was removed. Fair squeezing 
was observed (NRF = 0.65) along with a sizable increase in g(2). Separating two parametric amplifiers is a suitable 
method to generate spatially single-mode BSV, as demonstrated with the measured g(2) and NRF. This method 
also holds promise for single temporal-mode generation, by selecting a narrow frequency width between the two 
amplifiers.  

Preprint available at: arXiv:1402:2771. 
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Electron Multiplication Charge Coupled Devices (EMCCDs) are widely used in low light imaging, such as single 
molecule tracking in biology and lucky imaging in astronomy. In this work we show that they are also capable of 
counting the number of photons.

EMCCDs employ on-chip gain to reduce the effective readout noise. However the amplification process is stochastic 
and introduces extra noise into the image. Spurious photoelectrons appear in the final image as noise, leading to 
overestimation of the number of input photons. On the other hand, not all the photons are detected due to quantum 
efficiency η ≤ 100% and if two or more photons fall on a pixel, they will be interpreted as a single photon, leading 
to underestimation of the number of input photons. There are extensive works to understand the different sources 
of noise and minimize their contributions. What has been overlooked so far is the finite number of pixels in a CCD 
based camera. As the mean number of photons per pixel exceeds 0.1, the probability of coincidence (more than 
one photon falling on a pixel) is no longer negligible. Because of the stochastic nature of the amplification process, 
EMCCDs do not, unambiguously, distinguish one photon from more than one photon coincident on a pixel. Here we 
use Bayesian analysis to find the probability distribution of the number of input photons as a function of the number 
of bright pixels in the final image. Each photon detector (pixel) has a quantum efficiency η ≤ 100% and false count 
probability ε ≥ 0. Contribution of any noise sources is summarized in the noise factor ε. Then, maximum likelihood 
is used to estimate the number of input photons. We define a quality factor Q based on Shannon’s entropy and prior 
information of photon number distribution. Finally, to improve the quality of measurements, for a given quantum 
efficiency η and noise factor ε, we find the optimum number of detectors (pixels) that maximizes Q. This general 
treatment can be used for any array of detectors, including EMCCDs and Intensified CCDs.

(NONLINEAR.29.31.6)    An Integrated Processor for Photonic Quantum States Using a Broadband Ligh-
Matter Interface

Erhan Saglamyurek, Neil Sinclair, Joshua A. Slater, Khabat Heshami, 
Daniel Oblak and Wolfgang Tittel

Institute for Quantum Information Science and Technology,
 Department of Physics and Astronomy, University of Calgary, Canada

Faithful storage and coherent manipulation of quantum optical pulses are key for long distance quantum 
communications and quantum computing. Combining these functions in a light-matter interface that can be integrated 
on-chip with other photonic quantum technologies, e.g. sources of entangled photons, is an important step towards 
these applications. To date there have only been a few demonstrations of coherent pulse manipulation utilizing optical 
storage devices compatible with quantum states, and that only in atomic gas media (making integration difficult) and 
with limited capabilities. Here we describe how a broadband waveguide quantum memory based on the Atomic 
Frequency Comb (AFC) protocol can be used as a programmable processor for essentially arbitrary spectral and 
temporal manipulations of individual quantum optical pulses. Using weak coherent optical pulses at the few photon
level, we experimentally demonstrate sequencing, time-to-frequency multiplexing and demultiplexing, splitting, 
interfering, temporal and spectral filtering, compressing and stretching as well as selective delaying. Our integrated 
light-matter interface offers high-rate, robust and easily configurable manipulation of quantum optical pulses and 
brings fully practical optical quantum devices one step closer to reality. Furthermore, as the AFC protocol is suitable 
for storage of intense light pulses, our processor may also find applications in classical communications.
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A high quality photon pair source (PPS) is a key device in many quantum communication and quantum computing 
applications. Many advances have been made in the past decade towards creating PPSs with high brightness and low 
noise, especially in the telecom wavelength region. More attention has been recently paid to the compactness and 
integration of these sources. AlGaAs provides an attractive platform for integrated PPSs, thanks to its high second 
order nonlinearity and direct band gap, which enables monolithic integration of a pump source with the PPS. The 
large second order nonlinearity facilitates the spontaneous down conversion process for the generation of entangled 
photon pairs.

Birefringent phase matching is not efficient in AlGaAs, however, and a number of other phase matching techniques 
have been proposed. Here, we present our pair generation result in quasi-phase matched GaAs/AlGaAs superlattice 
waveguides. The periodicity characteristic required for quasi-phase matching were induced using post-growth 
quantum well intermixing. The waveguide is pumped with a 773 nm continuous-wave (CW) laser source with a 
narrow linewidth (<1GHz) and photon pairs are produced symmetrically about 1546 nm. These correlated photons 
are spectrally separated and sent to two single photon detectors where coincidences were recorded. The brightness 
of the source is found to be 1.6×106 pairs/s, and a coincidence-to-accidental ratio (CAR) of 115 is obtained. In 
Fig.1, the CAR is plotted against the pump power. We further demonstrate the energy-time entanglement of the 
photon pairs in a different waveguide using a Franson interferometer where each photon of a pair goes through an 
unbalanced planar-lightwave-circuit-based Mach-Zehnder interferometer (MZI) before detection by a single photon 
detector. Varying the phase on each of the MZI’s long arms allows us to demonstrate two-photon-interference (Fig. 
2). A sinusoidal interference fringe appears when the relative phase of one of the MZIs swept. The fringe visibility is 
found to be 95.0± 0.7% before accidental coincidences are subtracted, which demonstrates a violation of the CHSH-
Bell inequality by 53 standard deviations. The visibility and CAR achieved here are the highest among AlGaAs-
based PPSs. 

  

Fig. 1. CAR as a function of coupled pump power.  Fig. 2. Two photon interference measurements
                                                                                                         for three phase settings on the second MZI.

(NONLINEAR.30.36.2)  Nanophotonic optomechanics and quantum optics in diamond

Paul Barclay
Department of Physics and Astronomy, University of Calgary, Canada and National Institute for Nanotechnology, 

Canada

Nanophotonic devices enhance light matter interactions, and can mediate efficient optical coupling to physical 
systems ranging from single artificial atoms to nanomechanical oscillators.  Diamond based nanophotonic devices 
are of particular interest for quantum optics, owing to the desirable coherence properties of diamond nitrogen-
vacancy center color centres. Using a recently developed nanofabrication technique for isotropic etching of diamond, 
we have fabricated diamond nanobeam waveguides and microcavities from single crystal diamond. The optical 
and mechanical resonances of these structures can be probed using an external fiber taper waveguide, and we have 
observed optically induced forces between the fiber and nanobeams.  By harnessing this optomechanical coupling, 
we have recently demonstrated optical control of regenerative mechanical oscillations of diamond nanobeams. It 
is expected that this control can be used to modulate the electronic properties of nitrogen vacancy impurities in 
diamond, allowing non-resonant optical control of their associated spins.
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(NONLINEAR.30.36.3)   Single-photon nonlinear optics in passive photonic integrated circuits

Dario Gerace
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Integrated single-photon sources working in the typical telecommunication band would represent a useful building 
block in quantum photonics devices. Ideally, pure single-photon states require a two-level emitter as a source. 
Although the recent progress in fully integrated and telecom-compatible quantum photonics technologies, the ability 
of generating single-photon states on demand is still lacking, owing to the lack of efficient quantum emitters at 
such wavelengths. As an alternative, single-photons can be generated through the photon blockade effect: enhanced 
optical nonlinearities in nanostructured photonic resonators inhibit the transmission of a coherent light field when a 
single-photon is present within the system. This process can lead to single-photon generation at the output of a device 
coherently driven by a resonant laser beam, with large flexibility on the single-photon emission wavelength. 

Ordinary nonlinear materials require a large number of photons to produce appreciable nonlinear effects, owing to the 
intrinsically small second- and third-order susceptibilities in the bulk. In this talk, I will review our recent works on 
nanostructured semiconductor nanocavities based on typical nonlinear materials, with a perspective on their potential 
use as single-photon nonlinear systems.  The efficiency of their single-photon nonlinear behavior is be characterized 
by calculating the second-order correlation function at the output of the device. These results allow envisioning the 
realization of novel devices for quantum photonics applications, based on non-resonant material media and fully 
integrated with current semiconductor technology, as an alternative to single-photon nonlinear devices based on 
cavity quantum electrodynamics with artificial atoms or single atomic-like emitters.

(NONLINEAR.30.36.4)   Integrated laser-written photonic quantum circuits

René Heilmann, Markus Gräfe, Stefan Nolte, and Alexander Szameit
Institute of Applied Physics, Abbe Center of Photonics,

Friedrich-Schiller-Universität Jena, Max-Wien-Platz 1, 07743 Jena

Quantum information science, a field that has emerged over the past several decades, addresses the question of 
whether harnessing quantum mechanical effects through storing, processing and transmitting information encoded 
in inherently quantum mechanical systems can lead to new phenomena, functionalities, and devices. Regarding 
photonic quantum architectures, one limitation is the complex setting, at least when using bulk optical systems. 
A promising approach to miniaturizing and scaling optical quantum circuits is to use on-chip integrated photonic 
waveguides, which commend themselves with strong improvements in performance due to high stability, low noise 
and almost perfect spatial mode matching, which is crucial for quantum interference.

In our presentation, we report on our recent progress in integrating photonic quantum circuits for polarization 
encoded qubits using laser-written waveguides. This particular fabrication method allows for complex three-
dimensional waveguide architectures with multiple degrees of freedom, such as mode coupling, phase manipulation 
and birefringence. In order to create a local and defined strong birefringence in the waveguides, we will use artificial 
defects that are fabricated close to the waveguides. With the stress field that surrounds such defects it is possible 
to alter the orientation of the optical axis of the waveguide, without affecting the actual pattern and supported 
mode profile of the waveguide itself. This allows any tilting of the optical axis in the whole range from -180° 
to 180°, resulting in the possibility to implement arbitrary wave plate operations on chip. With this approach, in 
particular half-wave plate operations are feasible, allowing therefore the integration of various quantum gates, such 
as Hadamard gate, Pauli gates, and phase gates.

Moreover, laser written waveguides can also be utilized for the generation of complex quantum states. In this vein, we 
report on our recent achievements for creating high order W-states, particular entangled states that play an important 
role in quantum information protocols because their entanglement is known to be robust against losses. Finally, we 
present our implementation of the so-called “boson sampling problem”.
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Integrated solutions for quantum optical applications are currently one of the core subjects of research in quantum 
optics. However, until now no integrated photon source managed to achieve at the same time practical requirements 
such as narrow bandwidths (required for quantum memories), compatibility with CMOS technology, multichannel 
emission, and stable long-term operation. Here we report an integrated photon pair source based on a CMOS-compatible 
micro-ring resonator generating multiple, simultaneous, and independent photon pairs at different wavelengths 
distributed in a frequency comb, compatible with standard wavelength division multiplexing channels (DWDM, 200 
GHz separation) and quantum memories (140 MHz bandwidth), covering the full telecommunication band (L + C) 
[1]. Our source operates in a self-locked pump configuration, making it extremely robust and capable of operating for 
several weeks without significant fluctuations in performance (<5%), without the need for active stabilization. Photon 
coincidences between channels symmetric to the pump are measured, while no photon coincidences are measured at 
non-symmetric channels. The quality of the source is evaluated by measuring signal-signal correlations as well as the 
heralded correlation function. On a single channel 1.86 effective modes are measured, underlining the stability and 
quality of the source. The measured heralded correlation of gh(2)(τ=0) = 0.14≪0.5 underlines the quantum nature of 
our source and its suitability as a heralded single photon source. Finally, the coincidence to accidental ratio (CAR) on 
each individual channel pair exceeds 10 (without corrections for system losses and detection efficiencies), proving 
that our source is compatible with most quantum cryptography systems working at telecommunication wavelengths. 
Taken together, these attributes make our device an important step towards realizing practical integrated quantum 
optical technology. 

[1] C. Reimer et al. Optics Express 22, 6535-6546 (2014). 

(NONLINEAR.30.36.6)   Storage of Light in a Hollow-Core Photonic-Crystal Fibre

M. R. Sprague*1, P. S. Michelberger1, T. F.M. Champion1, D. G. England1, J. Nunn1, W. S. Kolthammer1, 
X.-M. Jin1, A. Abdolvand2, P. St.J. Russell2, I. A. Walmsley1

1Clarendon Laboratory, University of Oxford, Parks Road, Oxford, OX1 3PU, United Kingdom
2 Max Planck Institute for the Science of Light, Guenther-Scharowsky Str. 1, 91058 Erlangen, Germany

* michael.sprague@physics.ox.ac.uk

Storing light in an optical fibre network is essential for all-optical routing and processing. More recently, an optical 
memory has been identified as a critical component for the generation of non-classical multiphoton states [1], which 
have applications in secure communication, quantum metrology and quantum computation. Towards this goal, a 
quantum memory in an integrated architecture is attractive due to its tight transverse confinement of light, allowing 
for strong light-matter interaction at a lower power than is possible with diffractive optics. Here we demonstrate, 
for the first time, an optical memory in a hollow-core photonic-crystal fibre (HCPCF). We use a 26-μm diameter 
kagome-structured HCPCF to increase the transit time, perform fast optical pumping to prepare the atoms in the 
ground state [2], and use an off-resonant Raman interaction with broadband pulses [3] to perform the memory 
interaction within the transit time. We store, with 30% efficiency, a 1.5-GHz bandwidth, 300-ps duration coherent 
optical pulse as a hyperfine coherence of an ensemble of cesium atoms confined, at room temperature, in a HCPCF. 

[1]  Nunn, J. et al. Enhancing Multiphoton Rates with Quantum Memories. Phys. Rev. Lett. 110, 133601 (2013).
[2] Sprague, M. R. et al. Efficient optical pumping and high optical depth in a hollow-core photonic-crystal fibre for a broadband 
quantum memory. ArXiv e-prints December (2012).
[3] Reim, K. F. et al. Single-Photon-Level Quantum Memory at Room Temperature. Phys. Rev. Lett. 107,       053603 (2011) 
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(NONLINEAR.30.43.2)   Nonlinear optics in silicon fibre micro structures 

A. C. Peacock1, N. Vukovic1, F. H. Suhailin1,2, P. Mehta1, and N. Healy1

1Optoelectronics Research Centre, University of Southampton, Southampton SO17 1BJ, UK,  
2 Physics Department, Faculty of Science and Technology, Universiti Malaysia Terengganu,  

21300 Kuala Terengganu, Malaysia 

Silicon photonic devices are becoming an increasingly popular platform for nonlinear optical applications owing 
to the high Kerr nonlinearity and tight optical confinement. Although typically these devices are fabricated from 
silicon planar wafers using standard photolithographic and etching techniques, more recently alternative fiber-based 
platforms have emerged [1].  In this paper we will review methods to fabricate novel micro-scale devices from our 
silicon fiber platform using standard fiber post-processing techniques. Fig. 1 shows two geometries that are unique 
to the fiber platform; microcylindrical silicon resonators [2] and tapered silicon core waveguides [3]. The ability to 
arbitrarily tailor the dimensions in these devices to manipulate the light confinement is of particular interest for low 
power, high speed nonlinear optical processing. For example, we will show that the ultra-small mode volume of the 
resonators can be exploited for ultrafast Kerr optical switching and modulation, whilst the longitudinally varying 
waveguide parameters of the tapers can be used for nonlinear pulse shaping at modest power levels.  

 

                    Silicon fiber micro structures: (a) microcylindrical resonator and (b) tapered silicon core fiber.

[1] J. Ballato, T. Hawkins, P. Foy, R. Stolen, B. Kokuoz, M. Ellison, C. McMillen, J. Reppert, A. M. Rao, M. Daw, S. Sharma, 
R. Shori, O. Stafsudd, R. R. Rice, and D. R. Powers, “Silicon optical fiber,” Opt. Express 16, 18675 (2008). 
[2] N. Vukovic, N. Healy, F. H. Suhailin, P. Mehta, T. D. Day, J. V. Badding, and A. C. Peacock,  “Ultrafast control using the Kerr 
nonlinearity in hydrogenated amorphous silicon microcylindrical resonators,” Scientific Reports 3, 2885  (2013).
[3] N. Healy, J. R. Sparks, P. J. A. Sazio, J. V. Badding, and A. C. Peacock, “Tapered silicon optical fibers, ” Opt. Express 18, 
7596 (2010).

(NONLINEAR.30.43.1)   Localized Structures, Optical Vortices and Extreme Events in Laser Dynamics

Jorge Tredicce
Universite de la Nouvelle Caledonie, New Caledonia
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(NONLINEAR.30.43.3)   Hunting Down Microscopic Cascaded Nonlinearity

Ksenia Dolgaleva1 and S. N. V olkov 2

1School of Electrical Engineering and Computer Science, University of Ottawa, Canada  
2 SNV Research, Toronto, ON, Canada

Cascaded nonlinear optical phenomena entail multi-step contributions of the lower-order nonlinearities to the 
higher-order nonlinear susceptibilities. Since the lower-order nonlinear susceptibilities are typically much stronger, 
the cascaded nonlinear optical response could largely surpass the direct nonlinearity mechanism. Macroscopic 
(propagational) cascading [1] is a well-studied phenomenon that has been largely deployed in tailoring higher-
order nonlinear optical response in crystals (e.g. third-harmonic generation by a two-step application of the second-
order susceptibility x2) . A more subtle effect is the microscopic cascaded contribution of the lower-order molecular 
hyperpolarizabilities to the higher-order nonlinear susceptibilities, which is induced by the local-field effects [2, 3] 
resulting from interactions between neighboring atoms or molecules. Microscopic cascading can be promising when 
its macroscopic counterpart is inaccessible; e.g., for enabling N-fold resolution enhancement in lithographic pattern 
writing by N-photon absorption [4].

Following our earlier studies of local-field-induced microscopic cascaded nonlinearities [2, 3], here we propose a 
material system that allows one to demonstrate the microscopic cascaded nonlinearity in a “pure” form. We show 
that it is possible to enhance the third-order nonlinearity through a two-step microscopic cascaded second-order 
nonlinear interaction even in 

situations where the second-order nonlinear susceptibility of the entire structure vanishes. More specifically, we 
study the third- harmonic generation in an array of chiral metamolecules with the point symmetry group 43m, as 
shown schematically in the pictures. The structural arrangement ensures that the macroscopic susceptibility  x2(2w) 
is zero, while the microscopic hyperpolarizability y2(2w) of individual structural units (metamolecules) is nonzero 
and contributes to x3(3w) by local-field effects. Our findings represent a step forward towards understanding of 
nonlinearity enhancement through microscopic cascading and open new avenues of tailoring higher-order optical 
nonlinearities.

[1] G. I. Stegeman, M. Sheik-Bahae, E. Van Stryland, and G. Assanto, Opt. Lett. 18, 13 (1993). [2] K. Dolgaleva, R. W. Boyd, 
and J. E. Sipe, Phys. Rev. A 76, 063806 (2007).
[3] K. Dolgaleva, H. Shin, and R. W. Boyd, Phys. Rev. Lett. 103, 113902 (2009).
[4] A. N. Boto, et al., Phys. Rev. Lett. 85, 2733 (2000).
 

(NONLINEAR.30.43.4)   Selected Feedback Enhanced supercontinuum Generation with Low pump Power

Yuhua Li1 , Paul Barclay2, Yuting He1, Orly Yadid Pecht1

1Department of Electrical and Computor Engineering, University of Calgary, Canada,  
2 Department of Physics, University of Calgary, Canada

Supercontinuum (SC) light sources are becoming an exciting tool for optical frequency metrology, bio-imaging and 
optical communications due to their ultrabroad bandwidth. Today’s commercial SC sources commonly use high-
peak-power (tens of kW) pump lasers and photonic crystal fibers. However, the lasers contribute to a bulky system 
and very high cost, making them inaccessible to many research and industry applications. So it’s highly valuable 
to have a compact and low-cost SC source to fulfill more demands. Due to strong dependence of the SC generation 
on initial conditions, approaches by introduce additional parameters, such as by adding an external seed light or by 
modulating the input temporal pulse shape, have been proposed to actively control the SC generation and reduce 
the pump power requirements. A different approach is to utilize an optical feedback to enhance nonlinear effects 
during SC generation, where a fraction of the generated SC was used as a seed for the following pump pulse. In 
this work, we first demonstrate that the SC can be significantly enhanced, and the spectral coherence can also be 
improved by using a well-chosen feedback. SC generation in a single-mode high-nonlinear fiber (HNLF) in 1.55μm 
band is presented, which is pumped by the amplified gain-switched DFB laser pulse. The pump wavelength is in the 
anomalous dispersion region of HNLF and near to the zero-dispersion wavelength. The broad SC spectral with the 20 
dB bandwidth of 900 nm from 1290 to 2190 nm is obtained with the low peak power of 20W. The flat spectrum was 
obtained after filtering the residual pump light and the density was from -20dBm/nm to -18dBm/nm. The feedback 
experiment is in progress. The intensity stability was observed to be improved. We aim to have more testing results 
before the conference. 
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(NONLINEAR.29.P.50.17)   Fabrication and optical characterization of Vanadium Pentoxide (V2O5) thin 
films prepared by Laser Assisted Molecular Beam Deposition (LAMBD)

Bassel Abdel Samad and P. V Ashrit
Thin Films and Photonics Research Group (GCMP)

Department of Physics and Astronomy, University of Moncton, 
Moncton, NB, Canada E1A 3E9

Vanadium pentoxide (V2O5) thin films have been successfully deposited for the first time using the novel technique 
of Laser Assisted Molecular Beam Deposition (LAMBD). The LAMBD technique combines the advantages of 
Pulsed Laser Deposition (PLD) and Molecular Beam Epitaxy (MBE). The composition and structure of these films 
are analyzed by X-ray photoelectron spectroscopy (XPS) and atomic force microscopy (AFM), respectively. The 
electrochromic properties of these films are studied by lithium insertion using a dry method. The optical properties 
of the films in the lithium charged and uncharged state are studied by ellipsometry and by spectrophotometry. The 
application potential of such films in electrochromic devices is discussed. 

(NONLINEAR.29.P.50.18)   Modeling a wideband THz Time Domain Spectroscopy system based  
on pulsed laser

A. Tomasino*1, F. Buccheri2, S. Stivala1, G. Adamo1, A. C Busacca1, M. Peccianti3, R. Morandotti4

1DEIM, University of Palermo, Italy,
2The Institute of Optics, University of Rochester, USA  

3Dept. Of Physics and Astronomy, University of Sussex, UK 
 4INRS-Énergie, Matériaux et Télécommunications, Canada

We present an analytical model describing the full electromagnetic propagation in a THz Time Domain Spectroscopy 
tabletop system, from the THz pulses generation via Optical Rectification (OR) to the detection via Electro Optic-
Sampling (EOS) by way of diffraction, collecting and focusing effects. We pay particular attention to the modeling 
of the time-frequency behavior of all the stages composing our experimental set-up. More in details, our model takes 
into account: (i) pump beam focusing into the generation crystal; (ii) OR and phase-matching between pump and 
generated THz pulses both inside the generation and the detection crystals; (iii) chromatic dispersion and absorption 
inside the materials both the beams; (iv) Fabry-Perot effect in both the crystals; (v) diffraction along the propagation 
and collecting; (vi) focusing and overlapping between THz and probe beams; (vii) EOS. In order to validate our 
model, we report on the optimum agreement among simulations and experimental data.
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(NONLINEAR.29.P.50.19)   Waveguide QED with Quantum Field theoretical Green’s functions

Michael P. Schneider1, Tobias Sproll1 and Kurt Busch 1,2

1Max Born Institute, Berlin, Germany, 
2Humboldt Universität zu Berlin, Berlin, Germany

In the endeavor of realizing a quantum network, strong light-matter interaction is desirable in order to control 
quantum states. A one-dimensional waveguide with an embedded two-level system is a simple yet powerful setup 
where strong light-matter interaction can be realized. We have developed a Quantum Field theoretical framework 
using Path Integrals and Feynman Diagrams to calculate the Green’s functions for such a system. In the stationary 
regime, the Green’s functions can be employed to obtain the scattering matrix for one and two photons, where 
the Feynman Diagram representation provides us with additional physical insight. Moreover, we use the Green’s 
functions to propagate photonic wave functions in time-domain. A comparison with numeric calculations on a  
tight-binding chain shows striking agreement between both approaches.

(NONLINEAR.29.P.50.20)  Statistical investigation of parametric fluorescence and second harmonic genera-
tion within microcavities: the influence of electromagnetic confinement

Luc Robichaud and Serge Gauvin
Département de physique et d’astronomie

Université de Moncton, Canada

It is known that electromagnetic fields play an important role in electronic transitions between states in a system. 
Accordingly, electromagnetic noise levels can have various impacts on photonic processes. Using a 1D model (see 
below), the statistical properties of emitted photons altered by vacuum field fluctuations, which act as a quantum 
noise, on parametric fluorescence (PF) and second harmonic generation (SHG) within microcavities have been 
studied. The model, which treats the nonlinearity as a perturbation allows us to take into account amplified quantum 
noise within the microcavity by using anomalous commutation rules (M. Ueda, N. Imoto, Phys. Rev. A, 50(1), 
89-92 (1994)). Through Fock states and the time dependence of the creation and annihilation operators, statistical 
quantities such as the average eigenvalue, that which is experimentally measured, and the variance of the distribution 
of the eigenvalues, which serves as a measure of electromagnetic noise, for the different electric field operators have 
been calculated for PF and SHG. From these calculations and as expected, we find that the expected values for the 
different electric fields are all zero, which simply reflects the oscillatory nature of the fields. In the case of PF, a spatial 
modulation of the electromagnetic noise appears as a notable feature of quantum confinement. This modulation is 
present as well inside as outside the micocavity, but more prominent within the microcavity. Furthermore, this spatial 
modulation is absent on a single propagating component of the field and thus has spatially uniform noise levels. This 
allows us to conclude that the spatial modulations of the electromagnetic noise arise from the interference between 
counter-propagating components and is a manifestation of quantum squeezing. In the case of SHG, we also observe 
modulation and amplification of noise within the microcavity, which is consistent.
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(NONLINEAR.29.P.50.21)  Influences of the anomalous commutation relation on second harmonic  
generation in a confined medium

Marc Collette, Normand Beaudoin, Serge Gauvin
Université de Moncton, Canada

The existence of virtual particles that emerge from the vacuum only to disappear shortly after (known as vacuum 
field fluctuations) is a consequence of Heisenberg’s uncertainty principle. On the other hand, it is known that 
resonance explains the amplification of the luminous intensity inside an open cavity near the eigenfrequencies. 
Furthermore, the rate at which virtual photons appear and disappear at those frequencies is also amplified by the 
resonator. Mathematically, this quantum effect is described by the anomalous commutator between the annihilation 
and creation operators for the photons in the cavity. We show that this anomalous commutator describes the vacuum 
field fluctuations and the related perturbation of coherent nonlinear optical processes second harmonic generation 
(SHG, a photonic process where two identical photons fuse together in a nonlinear material). The equations for 
SHG, found by solving the system’s Hamiltonian, are modified by the anomalous commutator. We show that the 
anomalous commutation relation appears in the results in two different and specific locations and is attributed to 
the distinct roles of the “amplitude overvoltage effect” and “noise overvoltage effect”. This first effect amplifies the 
rate of second harmonic photon generation in the cavity. The second amplifies the quantum noise, which inhibits the 
triggering of SHG by increasing the minimum number of pump photons necessary to begin the non-linear process.

(NONLINEAR.29.P.50.22) A Novel Two State Observation in the Instability Induced Supercontinuum Gen-
eration in Exponential Saturable Nonlinear Response

K. Nithyanandan and K. Porsezian
Department of Physics, Pondicherry University, Puducherry, India 605014.

Supercontinuum generation (SCG) is the phenomenon of generating ultrabroad band spectrum has been the subject 
of intense research in the last few decades. Owing to its potential application in diverse field such as frequency 
metrology, optical coherence tomography, ultra-short pulse compression, sensor technique, fiber characterization 
etc., the SCG in the modern days has been recognized as the “White-light laser”.  Here in this context, we 
investigate the modulational instability (MI) induced supercontinuum generation (SCG) in the exponential saturable 
nonlinearity (ESN). We report a novel two state behavior in the supercontinuum Generation in the exponential 
saturable nonlinearity.  We identify and discuss the salient features of ESN. The investigation is of two phases, where 
the phase I deal with the study of MI using linear stability analysis (LSA), followed by the extensive study of SCG. 
An exact dispersion relation is obtained using LSA and the MI analysis is performed.  Unlike the conventional Kerr 
type nonlinearity, the critical modulational frequency (CMF – frequency corresponding to the instability window) 
does not monotonously increases, rather behaves in a way, such that the increase in power increases the CMF up 
to the saturation power, and further increase in power decreases the CMF.  This is due to the fact that the effective 
nonlinearity in ESN follows in a unique such that there exist two different powers at which the nonlinearity register 
same value.  Because of which, an identical spectrum is observed at two different powers (i,e) input power (P) 
above and below saturation power (Ps). This we report as the two state behavior.  Thus we brings to the light that the 
dynamics of SCG in ESN are indeed unique and offers rich information which could be useful in  many applications.
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(NONLINEAR.29.P.50.23)  Cascaded dielectric-plasmonic funnel for non-critical nanofocusing

Salvatore Tuccio1, Luca Razzari2,Andrea Toma1, Remo Proietti Zaccaria1 and Carlo Liberale 1,3
1Nanostructures, Istituto Italiano di Tecnologia, Via Morego, 30, 16163 Genova, Italy

2INRS-EMT 1650 Boul. Lionel-Boulet Varennes, QC J3X 1S2, Canada
3KAUST, BESE division, Thuwal 23955-6900, Saudi Arabia

An efficient approach to convey the energy in a nanometric volume is represented by the excitation of surface 
plasmon polaritons (SPPs) along a metal cone for the localization in a sharp tip. The main challenge is to achieve an 
efficient coupling between an external photons source and the SPPs in the probe. Different excitation schemes have 
been proposed: a photonic crystals cavity at the bottom [1], a diffracting grating [2] and butt-coupling illumination 
[3]. The axially symmetric profile of the SPP fundamental mode supported from cylindrical metallic structures 
suggests that the best illumination condition is a focused radially polarized beam incident on the structure base. 
However, optimal excitation of SPPs in such a configuration requires a high precision in the alignment of the focused 
beam with the cone’s base. We present a new coupling configuration that addresses these critical points. It consists 
on placing the metal cone on top of a truncated cone-shaped metal-coated dielectric waveguide (Fig. 1a) that is 
coupled with a large radially polarized beam. Our scheme, when compared with the butt-coupling strategy, increases 
the tolerance in presence of misalignments and lowers the background source intensity, thus improving the signal-
to-noise ratio (SNR) in measurements. The tolerance with respect to the lateral offset improves from about 300nm 
to 1µm and the SNR increases of almost 3 orders of magnitude. Numerical simulations demonstrate the improved 
tolerance. Raman and SEIRA (Surface-Enhanced Infrared Absorption) could directly benefit from this approach,.
 

Fig.1 a) Sketch of the device. b) Normalized calculated efficiency (defined as η=12cε0E2PsAtip where c and ε0 are 
the speed of light and the permittivity of vacuum, E2 is the square norm of the electric field, Ps is the source power 
and Atip=xra2 (ra2 is the tip radius of curvature)) as function of the lateral offset for our system (red) and for the 
cone (blue) c) Ratio of the efficiency in logarithmic scale calculated in two points placed respectively in the center 

and at a lateral distance of 300 nm on a line 2 nm above the tip.   

[1] F. De Angelis et al, Nat. Nanotechnol. 5, 67-72 (2010); [2] C. Ropers et al, Nano Lett. 7, 2784-2788 (2007); [3] X. W. Chen 
et al, Opt. Exp. 18, 10878-10887 (2010).

(NONLINEAR.29.P.50.25)   LINS (Light Induced Nano-solenoid) lens for charged particle focusing

Svetlana N. Khonina1 and Ilya Golub2

1Image Processing Systems Institute of the RAS, Molodogvardeiskaya Str. 151, Samara 443001, Russia, 
 2School of Advanced Technology, Algonquin College, Ottawa, Ontario K2G 1V8, Canada

Focusing an azimuthally polarized beam of light produces an electric field together with a solenoid-type magnetic 
field. We show that the combination of these two fields can either focus or defocus a beam of charged particles. 
This is in contrast to the electron microscope which produces only focusing but not defocusing as required e.g. in 
a collimating telescope. The proposed nanolens can have a diameter of less than half wavelength of the impinging 
light beam.
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(NONLINEAR.29.P.50.26)  Phase control of optical beams on the nanometer scale

T.V. Son1, K. Zongo1, C. Ba2, G. Beydaghyan1, and A. Haché1

1Département de physique, Université de Moncton, Canada
2Centre optique photonique et laser (COPL), Université Laval, Canada

We found that some VO2 films, especially with thicknesses less than 120 nm, undergo insulator-to-metal phase 
transitions without changing transmittance and reflectance at certain wavelengths. Optical spectra exhibit cross over 
points near 825 nm in transmission and near 1300 nm in reflection. To explain this effect, we used ellipsometric 
measurements to verify that while the refractive index changes by about 1 during phase transition, optical 
interferences effects cancel out the effect, leading to steady transmittance and reflectance. From ellipsometric data, 
we also predicted that the phase of a beam would be modified by an amount between 0.5 and 1 rad. To verify the 
effect, we devised a new technique whereby a single laser beam propagates at the edge of the film and self-interferes, 
creating a fringe pattern in the far field. From displacement in this pattern, we measure optical phase shifts to within 
mrad accuracy. We now report optical phase control through 80 nm of vanadium dioxide on laser beams at 800 nm 
(ti:sapphire laser) in transmission and 1310 nm (diode laser) in reflection while keeping the field amplitude constant. 
In transmission, the optical phase drops by -0.76 ±0.1 rads, comparable to theoretical values, and in reflection, phase 
changes of +0.8±0.1 rads are also in agreement with theory. Measurements were repeated several times to confirm 
reproducibility and consistency. As observed with other properties of VO2, there is a hysteresis, as the heating and 
cooling cycles have different transition temperatures.  In this experiment, wavevector changes on the order of ∆k=107 

rad/m occurred inside the material, much higher than what is typically achieved with electro optic materials like KDP 
and LBO, and liquid crystals. The results suggest the possibility of nano-sized phase shifter and modulating devices.

(NONLINEAR.29.P.50.27)   Phonon-mediated exciton preparation of a semiconductor quantum dot for a 
pulse-triggered single photon source

Ross Manson and Stephen Hughes
Department of Physics, Queen’s University, Kingston, ON, Canada K7L3N6

Quantum dots (QDs) acting as single-photon sources have been a topic of considerable interest for the last decade, 
with possible applications in quantum information processing and cryptography [1]. However, to date there has been 
no realization of a deterministic pulse-triggered single-photon source using QDs. In this work, we present a new 
design and introduce a practical and intuitive theory for an on-chip pulse-triggered single photon source from a single 
QD which exploits a highly efficient acoustic phonon mediated scattering process [2].

We theoretically study a single semiconductor QD weakly coupled to a photonic cavity, under the excitation of a 
pulsed laser drive. The solid-state system is modelled as a two-level exciton system coupled to an acoustic phonon 
bath using a polaron master equation technique. The polaron master equation allows one to include electron-phonon 
interactions nonperturbatively and has been successfully used to explain a number of recent experiments with 
coherently excited QDs [3]. For a wide range of optical pulses, the quantum dynamics of the system are calculated 
also accounting for important dissipation processes, including spontaneous emission decay, temperature-dependent 
pure dephasing and acoustic phonon scattering. We compute the pulse-dependent resonance fluorescence spectrum 
(Mollow triplet) [4,5], single photon collection efficiency and indistinguishability, and make a direct connection to 
recent experiments.

[1] A. Kiraz, M. Atatüre, A. Imamoğlu, Phys. Rev. A 69, 032305 (2004).
[2] S. Hughes, H.J. Carmichael, New Journal of Physics 15, 053039 (2013).
[3] See e.g., A. Ulhaq, S. Weiler, C. Roy, S.M. Ulrich, M. Jetter, S. Hughes, P. Michler, Optics Express 21, 4, 4382 (2013).
[4] A. Moelbjerg, P. Kaer, M. Lorke, J. Mørk, Phys. Rev. Lett. 108, 017401 (2012).
[5] C. Roy  and S. Hughes, Phys. Rev. Lett. 106, 247403 (2011).
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(NONLINEAR.29.P.50.28)  Light Induces Oscillations in One-Dimensional Photonic Crystals 

J. Eduardo Lugo1, Rafael Doti1, Noemi Sanchez1,2, M. Beatriz de la Mora3, J. Antonio del Rio4,  
and Jocelyn Faubert1 
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 2 Instituto Nacional de Astrofísica, Óptica y Electrónica, Calle Luis Enrique Erro #1. Tonantzintla, Puebla, 
México. 72000, 

3Posgrado de Ingenieria Quimica, Division de Ciencias Basicas e Ingenieria, Universidad Autonoma Metropolita-
na-Iztapalapa, Av. San Rafael Atlixco 186, Col.Vicentina 09340, Mexico D.F., 

4Instituto de Energias Renovables, Universidad Nacional Autónoma de México, Temixco 62580, Morelos, Mexico

In this work we study theoretically and experimentally the induction of oscillations in one-dimensional photonic 
crystals with localized defects when light impinges   transversally to the defect layer. The photonic structure consists 
of a micro cavity like structure formed of two one-dimensional photonic crystals made of free-standing porous 
silicon, separated by variable air gap and the working wavelength is 633 nm.

Particularly, the appearance of auto-oscillations is realized by a system consisting of a constant source of energy, a 
regulatory mechanism that supplies energy to the oscillating system, and the oscillating system itself. There are two 
necessary features of auto-oscillations. The first is its feedback nature: on the one hand, the regulatory mechanism 
controls the motion of the oscillating system but, on the other, it is the motion of the oscillating system that influences 
the operation of the regulatory mechanism. The second feature consists in the fact that the loss of energy must be 
compensated by a constant source of energy. Theoretically, an example of a very simple oscillating system that can 
produce either auto or forced oscillations is presented. The mathematical model is similar to a pendulum in a viscous 
frictional medium, acted upon by a force of constant magnitude. The theoretical calculations are compared with 
experimental results for both auto and forced oscillations and the results are presented through various figures.

Finally, there will be photonic applications where this kind of principle would be beneficial, for instance the Micro/
Nano Electro-Mechanical Systems may be replaced by Micro/Nano Optical-Mechanical Systems only. 

(NONLINEAR.29.P.50.29)  All optical logic NAND Gate Using Dark-Bright 

Ajay Kumar1, Santosh Kumar2, Sanjeev Kumar Raghuwanshi3

Photonics Laboratory, Department of Electronics Engineering
Indian School of Mines, Dhanbad-826004, Jharkhand, INDIA

  
The papers contains the efficient application of Dark-Bright soliton conversion using the modified add/drop filters in 
order to implement the all-optical logic NAND gate. The solitons can be treated as “1” and “0”. The paper includes 
the detailed mathematical derivation of optical signal power at the throughput port and drop port of the add/drop 
filters. The result is obtained using the MATLAB simulation with the specified parameters.

Keywords: All-Optical logic, soliton, add/drop filters, wavelength division multiplexing.
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(OP-COMM.29.33.1)   Multi-mode spectral pulse shaping and wavelength switching for telecom
and beyond

Jochen Schröder1, Joel Carpenter1 and Benjamin J. Eggleton1

1Centre for Ultrahigh bandwidth Devices for Optical Systems (CUDOS) 
The School of Physics, The University of Sydney, Australia

Space Division Multiplexing (SDM) has been rapidly growing research area in optical communications, due to its 
promise of overcoming the bandwidth limitations of single-mode fibre transmission, which threatens to inhibit meeting 
the capacity demands on future communication networks. Mode-division multiplexing (MDM) is a form of SDM 
where information is multiplexed across different fibre modes in a multi- or few-mode fibre. For SDM techniques to 
become a viable solution to the growing capacity demands  it is necessary to develop SDM-capable alternatives to 
the switching, filtering and amplification technologies that enable todays single-mode networks. In this talk, I will 
review our recent work on combining photonic lanterns – devices that provide an adiabatic transition from a multi-
mode input to several single-mode outputs – with single-mode wavelength selective switching technology, to enable 
a MDM-wavelength selective switch, one of the core elements in modern reconfigurable networks. Moreover, by 
using advanced functionality, our device can also act as multi-mode spectral pulse-shaper, i.e. a MDM WaveShaper, 
enabling enabling mode-dependent and spectral gain equalisation, differential group delay (DGD) compensation and 
reconfigurable filters with custom attenuation and phase profiles for multi-moded inputs, with applications in many 
areas beyond optical communication. 

(OP-COMM.29.33.2)   Harnessing Lateral Leakage in Shallow Ridge Silicon on Insulator Waveguides for 
Long Range, Intra-chip Communications

Arnan Mitchell1, Thach Nguyen1, Anthony Hope1, Andrew Greentree2

1ARC Centre of Excellence for Ultrahigh bandwidth Devices for Optical Systems (CUDOS) and School of  
Electrical and Computer Engineering RMIT University, Melbourne, Australia, 3001

 2School of Applied Science RMIT University, Melbourne, Australia, 3001

Shallow ridge silicon photonic waveguides can offer significant advantages including low-loss propagation and 
relaxed fabrication requirements; however, when such waveguides are operated in the TM polarisation, they can 
exhibit strong coupling between the guided TM mode and the unguided TE slab radiation, leading to so called 
‘lateral leakage’.  While, many regard this lateral leakage phenomenon as a limitation, we have found that it presents 
some surprising opportunities for silicon photonics. This presentation will review our previous work on lateral 
leakage in shallow ridge waveguides including fundamental principles, theoretical predictions and experimental 
demonstrations.  We will also report on our current investigations into the use of lateral leakage as an unguided bus 
to enable low-loss communications between distant waveguides across a silicon photonic chip. This new approach 
can provide an extra dimension for connectivity within a planar silicon photonic chip enabling device topologies that 
are not possible with traditional coupling techniques. 
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(OP-COMM.29.33.3)   Nonlinear Integrated Microwave Photonics

David Marpaung and Benjamin J. Eggleton
CUDOS, The Institute of Photonics and Optical Science (IPOS

School of Physics, University of Sydney,
Sydney, NSW 2006, Australia.

Harnessing nonlinear optical effects in a photonic chip scale has been proven useful for a number of key applications 
in optical communications.  Microwave photonics (MWP) can also benefit from the adoption of such a technology, 
creating a new concept of nonlinear integrated microwave photonics. Here, we look at the potential of using nonlinear 
optical effects in a chip scale to enable RF signal processing with enhanced performance.  We review a number of 
recent results in this field, with particular focus on the creation of frequency agile and high suppression microwave 
bandstop filters using on-chip stimulated Brillouin scattering (SBS). We also discuss the future prospect of nonlinear 
integrated MWP to enable a general purpose, programmable analog signal processor, as well as compact, high 
performance active microwave filters with enhanced energy efficiency.  

(OP-COMM.29.33.4)   Long Haul and High Speed Optical Networks using Dual Polarization 2-band OFDM 
CS-NRZ-DQPSk signal 

Sina Fazel1,2, Mounia Lourdiane1, Catherine Lepers1,2

1Institute Mines-Telecom/Telecom SudParis,  
2CNRS UMR 5157 SAMOVAR, 9 rue Charles Fourier, 91011 Evry Cédex, France

Spectral efficiency is one of the critical factors to optimize in order to reach high capacity in Wavelength Division 
Multiplexing (WDM) optical networks. Furthermore, WDM long haul networks are nowadays commonly using 100 
GHz channel spacing in order to reduce inter channel nonlinear effects such as Cross Phase Modulation (XPM) and 
Four Wave Mixing (FWM) defined as interference between different wavelength channels. 

In this context, to respond to the hungry traffic demands toward needs of more bandwidth, one approach is to increase 
the spectral efficiency by using narrower channel spacing. In this context, for the first time to our knowledge, we present 
an Orthogonal Frequency Division Multiplexing (OFDM) process in order to generate two optical subcarriers from 
the main optical carrier with 25 GHz subcarrier spacing. Subcarriers are modulated using a Differential Quadrature 
Phase Shift Keying (DQPSK) with 56 Gbaud which led to a total 112 Gbit/s. A DC voltage polarization is applied 
to a Mach-Zehnder (MZ) modulator leading to suppress the optical carrier.  To increase the spectral efficiency, 
each polarization state of the input laser is modulated separately by DQPSK data which lead to a Dual Polarization 
Carrier Suppressed DQPSK (DP-CS-DQPSK) modulation format.  Consequently, each polarization state of the two 
sub-carriers is modulated at 28 Gbaud which lead to 56 Gbaud for each polarization state and an overall 112 Gbit/s 
signals. 

In our work, VPI simulations have been performed with 32 WDM channels launched into a network of 9 nodes with 
600 km nodal distance. We have measured Bit Error Rate (BER) at each node and observed constellation diagrams 
of the received signals. Dispersion Compensation Fiber (DCF) modules are used in order to compensate Chromatic 
Dispersion (CD) and Polarization mode Dispersion (PMD) as it is done by Digital Signal Processing (DSP) in a 
realistic network. Finally, we vary the Optical Signal to Noise Ratio (OSNR) from 12 to 28 dB in order to exploit the 
maximum reach of 4200 km.
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(OP-COMM.29.33.5)   An Efficient Scheme of SSFM for Fiber-optic Communication Systems

Jing Shao, Xiaojun Liang and Shiva Kumar
Department of Electrical and Computer Engineering, McMaster University, Canada

Numerical simulations have been widely used to characterize the performance of fiber-optic systems. To simulate 
the signal propagation in optical fibers, the split-step Fourier method (SSFM) is widely employed to solve the 
nonlinear Schrӧdinger equation (NLSE). In SSFM, fibers are divided into small sections in which the dispersion and 
nonlinearity act independently. A smaller step size leads to a more accurate result and there exists a trade-off between 
the accuracy and computational cost. This paper proposes a novel scheme to solve the NLSE efficiently. In the 
scheme, step size distributions for different numbers of steps per fiber span (N) are optimized based on the minimum 
area mismatch (MAM) method, which minimizes the deviation of a stepwise curve from the ideal exponential loss 
profile. A look-up table of step size distributions is built for different values of N and a target local error is chosen 
to determine the desired accuracy. During the simulation of fiber propagation, the value of N is adaptively chosen 
by making the local error of the first step to be close to the target local error. This scheme calculates the local error 
for the first step only and hence can significantly reduce computational cost. Moreover, by combining the dispersion 
operator of the neighboring steps, the computational cost can be further reduced by a factor of 2. We compared 
the proposed scheme with different SSFS schemes in the literature. Fig. 1 shows the computational cost (in units 
of number of FFTs) as a function of the global error. We found that the proposed scheme with MAM improves the 
computational efficiency by a factor ranging from 2.5 to 5 as compared to the SSFS scheme using uniform step.
 

Fig. 1 Plot the number of FFTs vs global error. Launch power = 0 dBm. 
Distance=80*10km. Fiber parameters: loss = 0.046 km-1, dispersion = 5 ps2 /km, 

and  nonlinearity = 2.2 W-1km-1.

(OP-COMM.29.33.6)   Flexible Grid Spacing using Nyquist Shaped Channels for Undersea Transmission

Priyanth Mehta and Jamie Gaudette
Submarine Research and Development, Ciena Corporation, Ottawa, Canada

In this paper, we experimentally study PM-BPSK, PM-QPSK, and PM-16QAM at 35 Gbaud for undersea transmission 
in a WDM environment with frequency spacing ranging from 50 GHz (DWDM) to 33 GHz (Super-Nyquist).  The 
experimental study focuses on noise, linear cross-talk, and nonlinear tolerance in two undersea applications: (1) 
Legacy dispersion-managed submarine cables up to 5,000 km in length and (2) New uncompensated submarine 
cables up to 12,500 km in length.  We experimentally demonstrate that a reduction in frequency spacing below the 
symbol rate can be achieved, and quantify the performance penalties.  We also show a comparison of performance 
and reach between legacy dispersion-managed applications, and new uncompensated applications, as the frequency 
spacing is reduced below the symbol rate. It is shown that the constellation and line system dispersion map have a 
significant impact on the tolerance to linear and nonlinear interference generated by narrow frequency spacing.  
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(OP-COMM.29.33.8)   Generation and detection of Laguerre-Gauss modes using spatial light
                                       Modulators and an application to photonic state tomography

Hammam Qassim1, Nicolas Bent1, Eliot Bolduc1, Filippo Miatto1, Juan P. Torres2

Asad Tahir1, Enrico Santamato3, Miles Padgett4, Ebrahim Karimi1, and Robert Boyd1,5

1 Department of Physics, University of Ottawa, Canada
2 ICFO-Institut de Ciencies Fotoniques, Castelldefels (Barcelona), Spain

3 Department of Physics, University of Napoli, Napoli, Italy
4 School of Physics and Astronomy, SUPA, University of Glasgow, United Kingdom

5 Institute of Optics, University of Rochester, U.S.A.

In addition to the spin degree of freedom, photons can have so-called transverse degrees of freedom. These degrees 
of freedom are associated with the azimuthal and radial indices,  ı and p, which characterize a Laguerre-Gauss mode. 
The Hilbert subspaces associated with these indices are unbounded, and thus provide a potent environment for a 
variety of experimental applications. It is therefore highly desirable to acquire means of generation and detection 
of photonic Laguerre-Gauss modes. A widely used technique for generating these modes is by using a spatial light 
modulator (SLM); an LCD based device which allows for pixel-by-pixel control of the optical retardance of its 
surface. A light beam incident on such a surface diffracts into multiple orders, and the transverse profile of the 
diffracted beam at the near field can be manipulated by displaying a suitable hologram on the SLM. We demonstrate 
an exact method of determining the hologram pattern that would produce an arbitrary transverse field profile [1]. 
This method makes it possible to generate Laguerre-Gauss modes with high purity. Detection of the orbital angular 
momentum (OAM) component of a mode [2] can be achieved by using a SLM to remove the azimuthal phase 
dependence, e-ilφ, that characterizes an OAM eigenmode, followed by coupling the beam into a single mode fiber. 
However, such a technique suffers from a bias in coupling efficiencies for different ı  values. As such, it is essential 
to characterize this bias in order to measure a Laguerre-Gauss spectrum in an accurate manner. We bring forth 
an analytical characterization of this bias, together with experimental data that agree with our analysis [3]. As an 
application for using these methods, we experimentally demonstrate optimal quantum state tomography using 
symmetric informationally complete positive operator valued measures in Hilbert spaces of dimension 4-8 associated 
with the OAM degree of freedom.

[1] Bolduc, E., Bent, N., Santamato, E., Karimi, E., and Boyd, R. W. (2013). Exact solution to simultaneous intensity and phase 
encryption with a single phase-only hologram. Optics letters, 38(18), 3546-3549.
[2] Molina-Terriza, G., Torres, J. P., and Torner, L. (2007). Twisted photons. Nature Physics, 3(5), 305-310.
[3] Qassim, H., Miatto, F. M., Torres, J. P., Padgett, M. J., Karimi, E., and Boyd, R. W. (2014). Limitations tothe determination 
of a Laguerre-Gauss spectrum via projective, phase-attening measurement. arXiv preprint arXiv:1401.3512.

(OP-COMM.30.38.1)   Investigation of a hybrid optical-electronic switch supporting different service classes

Wiem Samoud1, Cédric Ware1 and Mounia Lourdiane2

1Institut Mines-Télécom / Télécom ParisTech / CNRS LTCI, Paris, France
2Institut Mines-Télécom / Télécom SudParis / CNRS SAMOVAR, Evry, France

Optical fiber is considered the most competitive wired transmission support thanks to its low attenuation, wide 
optical bandwidth, long reach, and low cost. However, optics do not yet perform higher functionalities such as 
switching. In fact, all-optical switches face a contention issue, due to the lack of practical optical buffers. Thus, 
the switching function is still performed electronically, which requires energetically costly optical-to-electronic 
conversions. The energy consumption problem increases significantly within the growing data traffic. In this context, 
Delesques et al. [1] propose a hybrid switch architecture supplementing optical switching with an electronic buffer. 
This permits significant performance improvements in terms of Packet Loss Ratio (PLR) and sustainable load. In 
the present work, we aim to investigate more deeply the hybrid switch performance with the separation of different 
priority classes in terms of PLR: high (H), medium (M) and low (L) priority packets respectively make up 10, 40 
and 50% of the global traffic. The hybrid switch is connected to na nodes by na bidirectional azimuths, where each 
azimuth supports nc channels in each direction. The electronic buffer has ne input ports as well as ne output ports. 
We investigated different scenarios of lower-priority packets preemption in favor of the higher-priority ones. Lower 
PLR values are obtained when a higher priority packet, with neither free channel to its destination nor a free input 
port to the buffer, steals one from the last lower-priority packet being buffered or transmitted. Simulations show that 
we don’t lose H packets at all after 4.108 packets transmitted, and regardless of nc, the PLRs of M and L packets are 
less than 10-7 at a sustainable load that exceeds respectively 0.6 and 0.5 for just 15 electronic ports. Besides the PLR, 
the next step consists in taking into account the latency and finding a tradeoff between these two parameters and on 
that basis, proposing an analytical approach for an easier dimensioning of the hybrid switch.

[1] P. Delesques, T. Bonald, G. Froc, P. Ciblat and C. Ware “Enhancement of an optical burst switch with shared electronic 
buffers” Optical Network Design and Modeling (ONDM), 2013.
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(OP-COMM.30.38.2)    High Performance InAs/InP Quantum Dot Mode-Locked Lasers

Z.G. Lu, J.R. Liu, P.J. Barrios, P.J. Poole, D. Poitras, C.Y. Song, 
Y. Mao, J. Weber, H.P. Ding, S.D. Chang, C. Flueraru, P.H. Ma and S. Janz

Information and Communications Technologies, National Research Council, 
Ottawa, ON K1A 0R6, Canada; Zhenguo.Lu@NRC-CNRC.GC.CA

Z.J. Jiao and J. Zhang

Department of  Electrical and Computer Engineering, Concordia University, Montreal, QC H3G 1M8, Canada 
In the recent years, the researchers from Information and Communication Technologies (ICT) of National Research 
Council Canada have put considerable effort to develop monolithic quantum dot (QD) semiconductor mode-locked 
lasers (MLLs) around 1550 nm. Those QD MLL devices have many photonic applications for optical communications 
due to their compactness, mechanical stability and robustness, high repetition rates and ultra-low intensity noise and 
time jitters, which are very suitable for high-speed data transmission and switching, clock signal generation and 
electro-optic sampling. 

In this paper, we will present our most recently research results. In theoretical part, we will show our developed time-
domain travelling-wave model which includes both the group-velocity dispersion (GVD) and self-phase modulation 
(SPM) effects on the ultra-short pulse evolution in a single-section InAs/InP QD MLL. In the real device part, we 
have designed and fabricated different-type one-section InAs/InP QD MLL devices around 1550 nm which pulse 
duration with repetition rate from 10 GHz to 100 GHz is from 290 fs to a few ps. The total output power is over 
65 mW at room temperature. Their technical specifications of the pulse duration, repetition rate, time-bandwidth 
product, optical power and spectrum, internal-cavity linear dispersion, intensity and phase noises will be investigated 
and discussed in the presentation.
  

(OP-COMM.30.38.3)   Tunable optical filters based on photonic Hilbert transformation

H. Pishvai Bazargani, M. R. Fernández-Ruiz and J. Azaña
Institut National de la Recherche Scientifique – Énergie, Matériaux et Télécommunications (INRS-EMT), Mon-

tréal, Québec, H5A 1K6 Canada
Corresponding author: pishvai@emt.inrs.ca

  
Tunable band-pass/band-rejection filters are highly demanded for a range of important applications in wavelength-
division-multiplexing (WDM) telecommunications systems. In our proposed structure, two photonic Hilbert 
transformers (PHTs), based on readily feasible fiber or integrated-waveguide Bragg gratings (BGs), are incorporated 
into the two arms of a symmetric Mach-Zehnder interferometer (MZI), thus implementing a tunable optical filter 
with the pass-band and/or stop-band ranging from 230MHz to more than 20 GHz. Bandwidth and central frequency 
tuning is achieved by simply modifying the Bragg frequency (periods) of the gratings with respect to each other, e.g. 
using widely available, well-proved axial strain or temperature tuning methods. The operation principle and results 
are presented in Fig.1.
 

Figure 1. (a) Configuration of the proposed optical filter structure. (b) The apodization profile and periods of the two 
gratings for band-pass filter with 3dB bandwidth of 230 MHz. (c) The amplitude and (d) the phase spectral response 
of the two gratings used for the aforementioned case. The amplitude and the phase spectral response of the two 
designed filters with 3dB bandwidth of 230 MHz at (e) output 1and (f) output 2, and the filter with 3dB bandwidth 

of 20 GHz at (g) output 1 and (h) output 2 of MZI.
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(OP-COMM.30.38.4)   Microresonator-Based Parametric Frequency Combs

Yoshitomo Okawachi
School of Applied and Engineering Physics, Cornell University, Ithaca, NY 14853

E-mail: yo22@cornell.edu

Optical frequency comb generation has attracted great interest with many applications including spectroscopy, 
precision frequency metrology, astronomy, RF photonics, and optical clocks. In recent years, four-wave mixing 
parametric oscillation in high-Q microresonators has been shown to be an effective approach for generating 
frequency combs. Here, we describe recent theoretical and experimental investigations of parametric frequency 
comb generation in silicon-based microresonators, including ultrabroadband comb generation and single-pulse 
modelocking. The microresonator platform offers great potential for the realization of a compact, fully-integrated 
frequency comb source.

(OP-COMM.30.38.5)   Phase Sensitive Amplifiers in Fiber Optic Links

Bill Corcoran1,2, Samuel L.I. Olsson2, Rohit Malik2, Carl Lundstrom2, Magnus Karlsson2 and Peter A. Andrekson2

1Center for Ultrahigh-bandwidth Devices for Optical Systems (CUDOS), Dept. Electrical and Computer Systems 
Engineering, Monash University, Melbourne Australia, 

 2 Fiber Optics Communications Research Center (FORCE), Dept. Microtechnology and Nanoscience, Chalmers 
University of Technology, Gothenburg, Sweden

Phase-sensitive optical amplifiers (PSAs) have the potential to provide 0 dB noise figure amplification, allowing 
for ‘noiseless’ amplification of optical signals [1]. Recent research in PSAs has focused on applications in optical 
fiber links [2,3], with low-noise amplification having clear implications on link reach and capacity. A promising 
architecture for format transparent operation of PSAs in optical links is the ‘copier-PSA’ system [4], which enables 
ultralow-noise amplification through cascaded fiber-optic parametric amplifiers (FOPAs).

Figure 1. a) Schematic of a ‘copier-PSA’ phase-sensitive amplified optical link. b) Illustration of coherent field 
addition for: (left) Phase-insensitive and (center) phase-sensitive amplifier systems operating in the linear transmission 
regime. (right) Phase-sensitive amplification in a copier-PSA systems operating in the nonlinear transmission regime.

Here we review recent progress made in implementing FOPA-based copier-PSA systems in optical communication 
links. Practical aspects of achieving low-noise operation of these systems [5,6], caveats on ‘noiseless’ operation 
through the investigation of hybrid erbium-doped fiber amplifier (EDFA)-PSA systems [7], and the mitigation of 
signal distortions from nonlinear effects in transmission [8,9] will be discussed. The coherent addition of fields is the 
basis for these effects (Fig. 1), providing opportunities and challenges for future applications.

[1] C.M. Caves, Phys. Rev. D, 26, 1817 (1982)
[2] R. Slavik et al., Nat. Photon., 4, 690 (2010)
[3] T. Umeki et al., Opt.Ex., 21, 18170 (2013) [4] Z. Tong et al., Nat. Photon., 5, 430 (2011)
[5] B. Corcoran et al., OFC, PDP5A4 (2012)
[6] S.L.I Olsson et al., Opt.Ex., 21, 14512 (2013)
[7] B. Corcoran et al., Opt.Ex., 22, 5762 (2014)
[8] S.L.I. Olsson et al., ECOC, Th2F1 (2012) [9] B. Corcoran et al., ECOC, We3A1 (2013)
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(OP-COMM.30.38.6)   Polarization-insensitive All-optical Data Transfer using Cross-Phase Modulation  
in a PCF

T. Mahmood1, 2, 3, B. M. Cannon1, 2, 3, W. Astar1, 3, P. Boudra III2, T. Mohsenin2, Gary. M Carter 1, 2, 3

1Laboratory for Physical Sciences, College Park, MD 20740, USA
2University of Maryland Baltimore County, Baltimore, MD 21250, USA

3Center for Advanced Studies in Photonics Research (CASPR), 1000 hilltop circle, Baltimore, MD21250, USA

Different modulation formats may be selectively used in future optical networks depending on network size, bit 
rate, spectral and channel capacity limitations. Although most traditional metropolitan area networks (MAN) still 
use non-return-to-zero on-off keying (NRZ-OOK) modulation format due to its technical simplicity and low-cost 
implementation, the QPSK modulation format can be  more advantageous in spectrally efficient long-haul fiber optic 
transmission systems (for spectral efficiencies > 0.4 b/s/Hz) because of its constant-power envelope, higher bitrate, 
and robustness to various transmission impairments. Consequently, an important problem may arise, particularly, 
in routing the OOK channels from MAN to long-haul backbone networks when the state-of-polarization (SOP) of 
the OOK channels is unpredictable. We demonstrate, for the first time, polarization-insensitive (PI) all-optical data 
transfer from 2 × 10-Gbaud OOKs to 10-Gbaud RZ-QPSK in a nonlinear birefringent photonic crystal fiber (PCF), 
in a multi-pump-probe configuration within the C-band, by utilizing cross-phase modulation (XPM) and the inherent 
birefringence of the device. The transmission SOP fluctuations were emulated by scrambling the polarization of 
one of the OOK pumps, and PI operation was achieved by launching the locally generated OOK pump, and the 
probe off-axis. Optimum pump-probe detuning conditions were also utilized to further mitigate polarization-induced 
power fluctuations and impairing effects due to neighboring, partially degenerate and non-degenerate four wave 
mixings. The PI-XPM converted QPSK probe demonstrated a pre-amplified receiver sensitivity penalty ≈ 5 dB at 
10−9 bit-error-rate, relative to the FPGA-precoded RZ-QPSK baseline. The qualitative comparison of the resultant 
eye-diagrams and quantitative evaluation of receiver sensitivity measurements for ASE-limited transmission system 
are presented in the attached figures.

(OP-COMM.30.38.7)   Analysis of optical back propagation under non-ideal optical phase conjugation and 
amplifier noise

Guanhui Wang, Mohammad Rezagholipour Dizaji, and Lawrence R. Chen     
                             Department of Electrical and Computer Engineering, McGill University, 

Montreal, QC H3A 0E9 Canada

Optical back propagation (OBP) has been recently introduced as an effective method for compensating transmission 
impairments due to dispersion and nonlinear effects. Compared to optical phase conjugation (OPC) and digital back 
propagation (DBP), OBP does not suffer limitations such as the need to define the transmission mid-point required 
by OPC or the computational complexity required by DBP in wavelength-division-multiplexing (WDM) systems. 
In OBP, the degraded received signal, which is affected by dispersion and nonlinear impairments, first undergoes 
OPC.  This is then followed by several carefully designed spans of dispersion and nonlinearity compensation.  It 
has been shown that the implementation of the compensation spans will influence the overall performance of OBP.  
On the other hand, OPC can be realized using a variety of methods, such as four wave mixing (FWM) or different 
frequency generation in a nonlinear medium. In all OPC techniques, the optical signal to noise ratio (OSNR) of 
the signal will be degraded and this will affect the performance of OBP. However, in all OBP studies performed to 
date, ideal conditions are assumed and there have been no studies that investigate the impact of impairments such as 
OSNR degradation due to the OPC process or due to amplifier noise in the compensation spans.  While it is expected 
that such impairments will degrade the performance of OBP, it is useful to quantify this degradation.  In this paper, 
we study the impact of OSNR degradation due to OPC as well as amplifier noise in the dispersion and nonlinear 
compensation spans on the performance of OBP. Our simulations show that if the OSNR of the OPC signal is 
degraded by 5 dB, a power penalty as large as 5.7 dB will be incurred. Moreover, the transmission distance to obtain 
a bit error rate (BER) below the forward error correction (FEC) limit will be reduced by around 60 percent.  These 
results can also be used to determine the optimum operating system parameters under non-ideal conditions.  
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(OP-COMM.30.45.1)   At the Cross-Roads of Effective Quantum Information Processing with Integrated 
Optical Gates

Peter G.R. Smith, James C. Gates, Christopher Holmes, Lewis G. Carpenter,
Dmytro O. Kundys, Paolo L. Mennea, Matthew Posner

Optoelectronics Research Centre, University of Southampton
Peter.smith@soton.ac.uk

Abstract: The use of a silica integrated optical platform developed for the telecoms industry is allowing demonstrations 
of quantum operations with single photons and Bragg gratings that are challenging notions of classical computing. 
Operations such as Boson Sampling, number resolving photon detection at 1550nm, quantum teleportation and non-
classical interferometry will be reported.
Keywords [Integrated optics, quantum information processing, optics, photonics]

 1. Silica integrated optics for quantum information processing Quantum mechanics offers new opportunities for 
information processing, exploiting the inherently quantum nature of particles and interactions. While there are 
many systems capable of being used for quantum information processing including trapped ions, color centers, 
trapped atoms, magnetic spins, etc, it is often optical implementations of quantum information processing that have 
demonstrated key functions. While early experiments made use of conventional optical components (mirrors, beam 
splitters, etc), interest has shifted to integrated optical implementations. Compared to bulk components, built up on 
optical tables, the move to integration allows for much greater stability and higher densities of gates / operations.
This paper will present a summary of the basic requirements for optical quantum information processing in terms 
of functional elements, namely: photon sources, arrays of beam-splitters and couplers to provide unitary operations, 
and then photon detection. The talk will then present recent work on waveguide devices fabricated at Southampton 
University, in the silica-on-silicon platform.
The focus this paper will be on the design and fabrication of devices, and, as examples, work will be presented 
demonstrating on-chip single photon sources, non-classical interferometers, number resolving 1550nm detectors, 
quantum teleportation experiments and boson sampling implementations. The work presented in this paper is 
collaborative between University of Southampton, University of Oxford and NIST, Boulder Colorado.
2.  Characterization and Fabrication
The devices discussed in this work have been fabricated using silica-on-silicon technology, utilizing flame-hydrolysis 
deposition and direct UV writing to create optical waveguides and Bragg gratings [1]. The techniques allow for the 
creation of low-loss waveguides, with good modal overlap to conventional optical fibers, and importantly allows 
for the creation of Bragg gratings within the structures. The Bragg gratings allow for classical estimation of loss, 
essential for understanding fidelity of quantum operations where photon loss is a major factor.
3.  Demonstrations of quantum operations
Once basic operations such as beam-splitters are available it is possible to build up more complex quantum systems. 
Operations that have been demonstrated include the first on chip phase controlled operations [2], photon number 
resolving detection of photons at 1550nm with transition edge sensors (TES) [3], the use of gratings to increase 
detection efficiency with TES devices to >80% [4], and boson sampling [5].
4.  Conclusions
Silica-on-silicon integrated optics provides a stable platform for demonstrating basic quantum information processing. 
By bringing together processing on-chip using a platform that is compatible with optical fibers there is potential to 
carry out quantum information processing in an interesting multi-qubit regime.
This work has been funded by EPSRC.

[1] G.D. Emmerson et al. “Fabrication of directly UV-written channel waveguides with simultaneously defined integral Bragg 
gratings” Electronics Letters, 38(24):1531 (2002)
[2] B.J. Smith et al., “Phase-controlled integrated photonic quantum circuits,” Opt. Express 17, 13516-13525 (2009)
[3] T. Gerrits et al. “On-chip, photon-number-resolving, telecom-band detectors for scalable photonic information processing”, 
Phys. Rev. A 84, 060301(R) (2011).
[4] B. Calkins et al., “High quantum-efficiency photon-number-resolving detector for photonic on-chip information processing, 
”Opt. Express 21, 22657-22670 (2013). 
[5] J.B. Spring et al., “Boson Sampling on a Photonic Chip”

(OP-COMM.30.45.2)   An Analytical XPM Model for Dispersion-Managed Fiber-Optic Systems

Xiaojun Liang and Shiva Kumar
Department of Electrical and Computer Engineering, McMaster University, 1280 Main Street West, Hamilton ON. 

L8S 4K1, Canada

Analytical modeling of nonlinear interference noises (NLIN) is a key component in the design of fiber-optic 
communication systems. Among different kinds of NLINs, cross-phase modulation (XPM) distortion is the major 
one in wavelength division multiplexing (WDM) systems. There exist analytical XPM models in the literature for 
dispersion-unmanaged (DU) fiber-optic systems. However, for dispersion-managed (DM) systems, the modeling 
of NLIN has become a challenge due to the coherent addition of NLIN arising from different spans. This paper 
presents an analytical XPM model for DM systems with arbitrary pulse shapes. The XPM distortion is calculated 
based on a first order perturbation theory and then a statistical analysis is carried out to calculate XPM variance. For 
non-Gaussian pulses, the analytical expression for XPM distortion is not available, due to the difficulty in explicitly 
evaluating integrals. We use a summation of Gaussian pulses to approximate a non-Gaussian pulse (A similar method 
has been used in quantum chemistry). By using the least squares method to optimize fitting parameters, a good 
approximation of the target pulse shape is achieved and the analytical expression for XPM distortion becomes 
possible. This analytical model is used to study the scaling laws of the XPM variance with residual dispersion per 
span, the number of WDM channels and transmission distance. The analytically estimated XPM variances are found 
to be in good agreement with the Monte-Carlo simulation results.

Fig. 1 shows the XPM variance as a function of 
launch power. The analytical model is used to 
estimate the multiple variance levels of QAM, 
corresponding to the multiple power levels of 
constellation points (|a0|2).  However, in the 
existing Gaussian noise model for DU systems, 
the variance dependence on the power level of 
the constellation points is ignored and only an 
averaged variance is available. Hence, it would 
lead to inaccurate bit error rate (BER).

	  

	  
Fig.	  1.	  XPM	  variance	  vs.	  launch	  power	  
per	  channel.	  (|a0|2	  indicates	  the	  power	  
level	  of	  constellation	  points.	  5-‐channel	  
WDM,	  transmission	  distance	  =	  10×80	  
km,	  residual	  dispersion	  per	  span	  =	  100	  
ps/nm.)	  
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(OP-COMM.30.45.3)   Comparisons of Frequency-Domain LMS Equalizers for PMD Mitigation in Polariza-
tion-Multiplexed Coherent Fiber-Optic Systems

Qiudi Ding, Xiaojun Liang and Shiva Kumar
Department of Electrical and Computer Engineering, McMaster University, 1280 Main Street West, Hamilton ON. 

L8S 4K1, Canada

Polarization-multiplexed transmission allows for doubling of capacity without additional bandwidth. Polarization 
mode dispersion (PMD) in such systems necessitates adaptive compensation due to its random nature, which 
can be implemented using digital signal processing (DSP) in coherent fiber-optic systems. In the case of Nyquist 
transmission, a large number of taps are required and frequency-domain least mean squares (LMS) equalizers are 
computationally more efficient than time domain equalizers.  In this paper, we investigate three kinds of frequency-
domain LMS equalizers and compare their performances in PMD mitigation. The first method estimates and updates 
the transfer function H(m) of the mth symbol block iteratively. After iterating for M blocks, the averaged transfer 
function is estimated as Have = M -1∑H(m) and its inverse W = Have-1 is used as a compensator. In the second 
method, the transfer function W(m) of the compensator is estimated and updated iteratively. PMD compensation is 
realized using the averaged transfer function Wave = M -1∑W(m). In the third method, we present a novel LMS 
equalizer using matrix computation and block by block processing. The matrix elements G(m) of the compensator 
are iteratively updated in each block. The estimated matrixes from different blocks are avegared Gave = M -1∑G(m), 
in order to reduce ASE noise. Then the Gave matrix is inversed and multiplied by the spectrum of the received signal, 
so as to compensate for PMD impairments.

We studied a polarization-multiplexed system 
using numerical simulation to characterize the 
performance of the LMS equalizers. From Fig. 
1, we see that the LMS equalizer of method 3 
converges faster than method 1 and 2. Also, the 
minimum BER for method 3 is the smallest. 
Moreover, we found that the block size of the 
training sequence can be reduced in method 3 as 
compared to method 1 and 2.

	  

	  
Fig.	  1.	  BER	  vs.	  number	  of	  training	  blocks.	  
Each	  block	  has	  256	  symbols.	  Reference	  
corresponds	  to	  BER	  in	  the	  absence	  of	  a	  
PMD.	  PMD	  parameter	  =	  0.05	  ps.km-‐1/2.	  

(OP-COMM.30.45.4)   Optimization of phase mask fabrication for the production of high performance fiber 
Bragg gratings

P. Vinchon1, N. Hossain1, B. Le Drogoff1, S. Delprat1, P. Long2, J.Azaña1, M.Chaker1

1INRS-EMT, Varennes (Canada),  
2O/E Land Inc. - Lassalle (Canada) 

Phase masks (PM) are the most effective and common way to fabricate Fiber Bragg Gratings (FBGs), passive optical 
components widely used in telecommunication and sensing applications. The PM method employs a diffractive 
multi-leveled grating engraved into Quartz substrates to define the Bragg Grating into the Fiber. Therefore, the 
quality of the grating used is crucial for the performances of the exposed FBGs. In this work, the PM grating is 
defined using electron-beam lithography (EBL) which offers a great flexibility for the grating design. However, 
stitching errors, inherent to this writing method, have to be minimized to avoid any significant variation of the 
grating’s period. Different writing strategies for averaging stitching errors (field size, field overlap and multi-pass) 
are investigated using our EBL system (VB6 UHR EWF) in order to spread the effect of local discontinuities and to 
give out-of band free reflection signal (fig. 1). 

The FBG performances also rely on the profiles and 
depth of the mask grooves that needs to be etched 
with a nanometer scale precision. Plasma etching 
using CF4 diluted in helium ([CF4]/[He]=0.5%) is 
investigated to decrease the etch rate to a few nm/
min. This tight control of the quartz etch rate (using 
in-situ monitoring of the etch depth) together with 
the achievement of vertical profiles enabled us to 
reduce the zero-order diffraction of an UV laser 
beam (248 nm) below 2%. 

Figure 1 : Reflection spectra of FBGs exposed on the 
PM (red) with no specific writing strategy and (blue) 
with optimized writing strategy

The importance of the tight control of both pattern and etch depth of PM grating is demonstrated with the fabrication 
of chirped phase masks with chirp rates as low as 0.016 nm/cm.
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(OP-COMM.30.45.5)   Photonic Packet Switch off-load for Data Centers

Huixiao Ma2, Xiaoling Yang 2, Hamid Mehrvar1, Yan Wang2, 
Shuaibing Li2, Alan F. Graves3, Dominic J. Goodwill1, Eric Bernier1

1Huawei Technology Canada, Ottawa, ON,  
2 Communication Technology Labs, Huawei, Shenzhen, China,  

3 Independent consultant

The demands for cloud-based services are adding stress to the bandwidth, size and power requirements of datacenters 
(DC). These requirements are rapidly reaching the limits of what electronic packet switches (EPS) can do. Although 
photonic integrated circuit (PIC) based switches offer speed, compactness and low power; they have not reached the 
production stage. The key challenge in deploying a pure PIC based Optical Packet Switch (OPS) is how to connect an 
optical signal from an input port of a switch to an output port within the nanosecond(s) time interval of the Ethernet 
inter-frame-gap.  At the same time, any PIC-based optical packet switch should work with a large diversity of packet 
size and protocols present in modern Datacenters. 

 In this paper, we demonstrate our recent implementation of an optical packet switch prototype system using low 
cost hybrid OPS/EPS platform in which OPS performs photonic packet switching without an optical to electrical 
conversion. Our demonstrator photonic packet switch has switching time of 10nsec. We show that, to compensate for 
switching time as well as the route processing of each packet, the packet stream can be over-clocked by 10% using 
low-cost transceivers thus increasing the inter-packet gap.  In order to process the wide variety of packet lengths, 
we have used a hybrid scheme using the bi-modal property of data center traffic in which 45% of packets are below 
500 bytes, 5% between 500 and 1400 bytes,  and 50% of packets are longer that 1400 bytes. For a set threshold of 
1200 bytes, the number of short and long packets is approximately the same; however, the amount of bandwidth 
handled by OPS is 90% of the total bandwidth. This not-only represents significant off-load of EPS traffic, but also 
allows datacenter grow by 25× without increasing the capacity of the existing EPS.  The traffic increase can easily 
be processed by the optical switch. Our test-bed results show successful photonic packet switching with open eye 
diagram at the receiver as well as off-loading 85% to 96% of the traffic bandwidth. Importantly, our scheme applies 
to general purpose datacenters traffic and standard Ethernet packets. It does not require any change to higher layers of 
the network stack, or traffic session patterns or special control system.  Our photonics packet can be easily deployed 
in current systems and is backward compatible. 

(OP-COMM.29.P.50.30)   Polymer Optical Fiber End Preparation with Use of Liquid Nitrogen

Marcelo Vaca Pereira Ghirghi and Vladimir P. Minkovich
Centro de Investigaciones en Optica, A.C. Loma del Bosque 115, Col. Lomas del Campestre, C.P. 37150,  

Leon Gto, Mexico.

We present a new method for preparing perpendicular end faces in polymer optical fibers (POF) on a base of 
polymethyl metacrylate (PMMA). Initially, a scratch is circumferentially made around the fiber. Then the fiber 
refrigerated with liquid nitrogen is briefly subsequently bent over a curved surface to obtain a perpendicular fracture. 
We demonstrate a significant improvement in insertion loss for such faces, which are comparable to those of polished 
fibers.

For faces obtained by POF breaking without using liquid nitrogen, the loss is 0.53 dB. For faces prepared with a hot-
plate, the loss is 0.33 dB. We also obtained an insertion loss of 0.4 dB for POF faces fabricated with the conventional 
Reinnsteig Werkzeuge GmbH & Co. cutting instrument, of 0.38 dB for faces fabricated in liquid nitrogen, and of 
about 0.22 dB for faces fabricated in liquid nitrogen vapor. 

We have found that by using the proposed method of POF end face preparation, it is possible to fabricate the POF 
end faces with an insertion loss of about 0.2 dB, which is less than the loss when using the now existing methods for 
POF end face preparation. We have also obtained a high reproducibility in insertion loss for POF end faces fabricated 
using the newly proposed method. We believe that the proposed method will find a wide application for preparing 
end faces of POFs with a thinner core than what we used, and also for preparing end faces of microstructured POFs.
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(OP-COMM.29.P.50.31)   An Automated Approach to Undersea Optical System Characterization and 
Equalization 

Malick MBAYE-NDIAYE1, Jean-Philippe LAFLAMME2, Christine TREMBLAY1, Benoît CHÂTELAIN2

1École de technologie supérieure (ÉTS), Département de génie électrique, 
1100 rue Notre-Dame ouest, Montréal, QC, H3C 1K3 Canada; 

 2Ciena Corp., 2351 Boulevard Alfred-Nobel, Saint-Laurent, Quebec, H4S 2A9 Canada  
malick.mbaye-ndiaye.1@ens.etsmtl.ca

The deployment of submarine systems is a challenging process since it encompasses several procedures. Among those 
we can cite the local testing of the submarine line terminal equipment (SLTE), the gain evolution characterization of 
the fiber cable, the system equalization (also referred to as pre-emphasis), the channel power hunt and the receiver’s 
subsystems optimization. Most of these procedures are lengthy and time-consuming in particular because they 
involve exchange of measurement results between remote sites and redundant manual tasks. Manipulation errors and 
sub-optimal system performance are also major concerns since they can affect the long-term viability of the deployed 
system. The proposed approach relies on the use of internal performance metrics and alleviates the need for the 
system installers located at each terminal to exchange information. It automates the gain evolution and equalization 
procedures and uses intelligent algorithms in order to ease and speed up submarine system deployments.

In this poster, an introduction to undersea communication systems and their characterization is first provided. The 
methodology to obtain the gain evolution, average power per channel and optical signal-to-noise-ratio (OSNR) is 
summarized in the context of wavelength division multiplexing (WDM) networking. Secondly, the algorithm for 
the pre-emphasis of the transmitted signal is detailed. Thirdly, the experimental test bed is presented and the gain 
evolution characteristic of a 10,000 km submarine system between Japan and the United States, as well as a 6,500 
km system between Europe and the United States is replicated. Finally the proposed automation tool is tested on 
these two transfer functions and shown to efficiently compensate for their wavelength-dependent gain and loss 
characteristics.

(OP-COMM.29.P.50.32) Impact of Hot Temperature on End-face Geometry 
of LC/UPC Connectors

Rutsuda Thongdaen1,2, Duangrudee Worasucheep2, Sathit Wangsam1, and Wasan Chaichok1

1Optronics Laboratory, Celestica Thailand, 49/18 Moo 5 Tungsukla Sriracha, Chonburi, Thailand, 
2Department of Electrical Engineering, Chulalongkorn University, Bangkok, Thailand

The fiber withdrawal of Group 4 (mated-thermal cycle) was observed up to 100 nm as in reference [1]. We predict 
that this withdrawal is mainly caused by the impact of hot temperature (at 75ºC) based on GR-326[2] thermal 
cycle test profile repeated 21 cycles over 7 days; and thus, it was studies here for the purpose of reducing test time. 
All connectors were separated into four groups: 1) unmated-stored at room temperature, 2) mated-stored at room 
temperature, 3) unmated-stored at hot temperature, and 4) mated-stored at hot temperature. The hot temperature test 
was performed on Groups 3 & 4 for 1 hour, while Groups 1 & 2 was left at room temperature. The sample size of 
each group is 28 LC/UPC connectors. Radius of curvature, fiber height and apex offset were measured before and 
after that 1 hour. The fiber withdrawal up to 100 nm is found in Group 4 (mated-hot temperature), but no changes 
are observed in Groups 1-3. These results confirm the impact of hot temperature on fiber height, same as the thermal 
cycle test in Reference [1]. Afterward, Group 1-4 were unmated at room temperature for 1 day, 1 week, and 1 month. 
No significant change in fiber height is found. On the contrary, when Group 1-4 were re-tested as being mated at 
hot temperature for 1 hour, the fiber withdrawal up to 100 nm is now found in Group 1-3. However, the additional 
withdrawal up to 50 nm is still observed in Group 4.

[1] Rutsuda Thongdaeng, et al., “Impact of Thermal Cycle on End-face Geometry of Laser Processed LC and Standard LC 
Connectors”, International Conference on Optical Communications and Network (ICOCN 2012), Pattaya, Thailand, November, 
2012.
[2] Telcodia Technologies, GR-326-CORE, Issue 4, “Generic Requirement for Singlemode Optical Connectors and Jumper 
Assemblies”, New Jersey, February, 2010.
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(OP-COMM.29.P.50.33) Multi-Service (MS) Code for OCDMA Systems Supporting Triple-Play Services

The continuous growth of demand for high-speed communications and media-rich content such as video streaming, 
Voice-over-IP (VoIP) and online gaming, has led to high-speed and symmetric internet connections for both business 
and residential consumers with diverse Quality of Service (QoS) requirements. A new code family of novel spreading 
sequences, called a Multi-Service (MS) code has been constructed for to support multiple services in OCDMA 
system. The performance of the proposed code is demonstrated using mathematical analysis. The developed MS 
code is compared with KS code which uses similar techniques. Different numbers of basic users (NB) are used to 
support triple-play services (audio, data and video). Furthermore, from the results it indicates that MS code does 
not only  preserve  the  capability  of  suppressing  Multiple  Access Interference (MAI), but also improves BER 
performance due to low  cross-correlation ( λc ) between  code  sequences as well as this technique can clearly 
provide a relative quality of service differentiation with lower value of basic users can support larger number of users 
as well.  In this paper, we have shown that MS codes with lower value of NB always have better performance than 
others in the system.

(OP-COMM.29.P.50.34)   Chaos synchronization in a multicavity Er3+-doped fiber laser

L. C. Gómez-Pavón1, J. M. Muñoz-Pacheco1, A. Luis-Ramos1, O. Félix-Beltrán1,
R. Parada-Alfonso2

1Facultad de Ciencias de la Electrónica,  Benemérita Universidad Autónoma de Puebla, Puebla, México,
 2ESIME Zac.-SEPI, Depto. De Telecomunicaciones, Instituto Politécnico Nacional México D. F.

Chaos synchronization in lasers has been investigated numerically and experimentally since two decades. Such 
research area has been mainly focused to the possibility of applications in secure communications. In this context, 
the synchronization of Er+3-doped fiber lasers (EDFL) is widely studied, due to the well-known characteristics of 
these in optical communications. One of the techniques to obtain chaos synchronization in EDFL is through the 
control of frequency modulation in the laser cavities. In a previous work, we have reported the experimental study 
of synchronous pulse generation in an array of three coupled erbium-doped ring fiber lasers. We obtain the pulse 
generation by means of an amplitude modulator placed in one of the cavities and through the nonlinear energy 
interaction between the modulated cavity and the other cavities. In this case, one of the parameters for synchronous 
pulse generation is indeed the frequency modulation. Taking into account the system aforementioned, in this paper 
we present the synchronization of two Er+3-doped fiber lasers. The experimental setup consists of two independent 
erbium-doped cavities in a ring configuration, an amplitude modulator placed in one of the cavities and the energy 
interaction between cavities is achieved through one variable ratio coupler. We obtain the synchronous pulse regime, 
and through the variation of frequency modulation is found the synchronization of chaos  in the multicavity fiber laser 
system. We demonstrate chaos generation through FFT spectrum, and the synchronization by the phase diagrams.
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(OPTO.28.02.1)   Simulation of a Metal Nano-strip Grating Distributed Bragg Reflector (DBR) Laser

Lanxin Deng1, Qingyi Guo1, Jianwei Mu2

1Department of Electrical and Computer Engineering, McMaster University, Canada  
2Microphotonics Center and Department of Materials Science & Engineering, Massachusetts 

 Institute of Technology

The edge-emitting distributed Bragg reflector (DBR) laser is a competitive candidate for applications in optical 
telecommunication networks because of its simple design and fabrication processes, the single-mode operation and 
narrow linewidth, the tunable lasing wavelength and the anti-aging passive DBR region that leads to a deterministic 
wavelength behavior over lifetime. However, the conventional DBR laser diode with the semiconductor Bragg 
grating generally has a much larger size comparing to the Fabry-Perot (FP) laser or distributed feedback (DFB) laser, 
thus the productivity per wafer is reduced. In this paper, we propose a DBR laser with a metal nano-strip grating, 
which achieves a high reflectivity with a much shorter grating length of 200μm due to the high refractive index 
contrast of the metal and the semiconductor. Moreover, the modal coupling (κL) of the grating can be tuned in a wide 
range by simply changing the design parameters of the metal nano-structure. 

In this work, the metal grating is investigated by the coupled-wave theory (CWT) and the complex mode matching 
method (CMMM). Results from these two methods are compared and the effects of changing the grating parameters, 
such as the spacing of the grating and the core region, the thickness of nano-strips and the duty cycle, are discussed 
regarding the peak reflectivity and the full-width half-maximum (FWHM) of the reflection spectrum. Further 
simulation of the laser output with the multi-mode rate equation model demonstrates the single-mode operation for a 
broad range of the metal grating’s design parameters, thus the design freedom is provided. For various applications 
of the DBR laser, the requirements such as a shorter cavity length, a lower threshold current, or a very high SMSR 
can be satisfied by properly setting the design parameters.

(OP-COMM.29.P.50.83)   Tbit/s Optical Code Generation Using Fiber Long Period Gratings

Reza Ashrafi
INRS (Institut national de la recherche scientifique), Canada
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(OPTO.28.02.2)   Fabrication of Precisely-Spaced Coherent Comb-Sources Via Facet Etching of InP-Based 
Quantum-Dot Lasers

Pedro Barrios, Zhenguo Lu, Jiaren Liu, Philip Poole, Chun-Ying Song and Siegfried Janz
Information and Communication Technologies Portfolio, National Research Council of Canada, Ottawa, Canada.

Coherent optical carriers with precise frequency spacing are required for Orthogonal Frequency Division Multiplexing 
(OFDM) and Coherent Wavelength Division Multiplexed Systems (CoWDM). However, since comb-source spacing 
of Fabry-Perot-based resonators is inversely proportional to their cavity length, it is increasingly difficult to produce, 
by the usual scribing and cleaving process, the required cavity lengths for mass-production of these devices for comb 
spacings larger than 50GHz and within the required frequency spacing tolerances.

We will report on a comparative study of a few different dry-etching processes carried out in our Inductively-Coupled 
Plasma (ICP) etchers for the production of vertically-smooth surfaces on InP-based laser material.  The chemistries 
studied were based on mixtures of either H2-Cl2-Ar, or Cl2-O2, or Cl2-Ar. 

By way of using this facet-etching process, two facets can be positioned to within ± 0.25µm of the designed cavity 
length.  Thus, a typical InP-based laser designed for a 50GHz WDM grid can be estimated to fall within approximately 
± 15MHz of the target spacing. We will show optical and electrical measurements comparing the performance of 
facet-etched devices against as-cleaved devices from the same laser bars.

(OPTO.28.02.3)   Optical Feedback Time-Delay Concealment in Double-Cavity Polarization-Rotated  
Vertical-Cavity Surface-Emitting Lasers

 
Hong Lin1, Yanhua Hong2, and K. Alan Shore2

1Department of Physics & Astronomy, Bates College, Lewiston, ME 0424, USA
2School of Electronic Engineering, Bangor University, Gwynedd LL57 1UT, Wales, UK

 
Optical chaos in semiconductor lasers, and in particular VCSELs, has attracted intense research interest because of 
its applications in secure optical communications and random number generation. Optical feedback is a convenient 
method for generation of optical chaos. However, the time-delay (TD) signatures due to the round-trip time in 
the external cavity can be easily observed from the power spectrum of the laser or the autocorrelation function of 
the time series of the laser. Availability of such time-delay (TD) information compromises the security of chaotic 
encryption. Several attempts have been made to conceal time-delay signatures in VCSELs, most of which focus on 
the TD features in total output. However, suppression of TD features has not previously been studied experimentally 
in the  polarization-resolved outputs of external-cavity VCSELs. 

In this paper, we report suppression of time delay signatures in both polarizations of a VCSEL subject to double-
cavity polarization–rotated optical feedback. For identification of TD signatures use is made of an  autocorrelation 
function which typically will display peaks at the time delays of the external cavities, τ1 and τ 2, their multiples (2 τ 
1, 2 τ 2, etc.), and their combination tones (τ 2- τ 1, τ 2+ τ 1, etc.). It is shown experimentally that such peaks can be 
eliminated at identified polarization angles.  Furthermore it is shown that the peak of the auto-correlation for double- 
cavity is always less than its counterpart for single cavity feedback by 20% to 85%.We have also studied the effect 
of feedback strength and cavity length on TD signatures.
 
  



266 267

(OPTO.28.02.4 )   Growth control of GaSb quantum dots on GaAs with reflectance anisotropy spectroscopy

Johannes Strassner, Johannes Richter, Thomas Loeber, Henning Fouckhardt
Physics Department, Kaiserslautern University of Technology, Germany

We report on quantum dot (QD) growth control by reflectance anisotropy spectroscopy (RAS) [1]; for this contribution 
Ga(As)Sb QDs have been grown on GaAs substrate in the Stranski-Krastanov growth mode [2] with molecular beam 
epitaxy (MBE) [3].

Clusters at the growth front break the symmetry of the surface for linearly polarized light at normal incidence and 
hence cause slight differences in reflectivity for two orthogonal directions of polarization. Thus nm-size local surface 
anisotropies can be detected.

After deposition of 3 monolayers (ML) GaSb (nominally) the surface is Sb-stabilized and several RAS spectra are 
recorded, taking 1 min for each spectrum, consisting of 11 photon energy sample points with photon energies in the 
range of 1.5 to 4.5 eV.

Figure 1 shows RAS spectra of Ga¬Sb QDs and for comparison also of a GaAs and a GaSb layer, respectively. 
Significant differences in the RAS signal for the photon energies of 1.8 and 3.9 eV are observable. The GaSb layer 
peak at 3.3-3.6 eV shifts to 3.6 3.9 eV for the GaSb QDs and is clearly higher. It also differs from the signal measured 
for GaAs. At a photon energy of 1.8 eV an additional peak is detected for GaSb QDs, while there is a minimum for 
both the GaAs and the GaSb layer.

The energies of 1.8 and 3.9 eV are characteristic for GaSb QD growth. In additional measurements we have gained 
further informations on the RAS signal especially at the energies of 1.8 and 3.9 eV and correlate the results with 
those of AFM and PL measurements.

Figure 1: RAS spectra of GaSb QD growth and of GaAs and GaSb layer growth for comparison. The lines are only 
guides to the eye

References:
[1] D.E. Aspnes, A.A. Studna: Phys. Rev. Lett. 54 (1985) 17, 1956-1959
[2] I.N. Stranski, L. Krastanov: Akad. Wiss. Lit. Wien Math.-Naturw. 146 (1939) 797-810
[3] T.H. Loeber, D. Hoffmann, H. Fouckhardt: Beilstein J. Nanotech. 2 (2011) 333-338

(OPTO.28.02.5)   Silicon based vertical tapers fabricated using a low cost, high precision,  
microfabrication process

Guillaume Beaudin1,2, Ali Belarouci1,2 and Vincent Aimez1,2
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de l’Université, Sherbrooke, J1K 0A5, Québec, Canada
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As silicon photonics circuits gain in functionalities, it becomes obvious that low losses chip-to-chip interconnects 
will play a key role in the future development of the field. A new injection method called Evanescent field Coupler 
optimized for High Refractive Index Differences (ECHRID) [1] has been developed at the Université de Sherbrooke 
to fill this important building block. This process does not necessarily require high resolution lithography steps yet 
it exhibits low coupling losses in the 1 dB range at 1550 nm using standard microfabrication processing. In order to 
achieve these low loss coupling values, the ECRHID requires thinned silicon guiding sections with a thickness that 
is typically between 40 nm and 150 nm. To define those areas, a local oxidation of silicon (LOCOS) process has been 
adapted. In our implementation, a thick layer (>= 1 µm) of SiO2 is place between the silicon-on-insulator (SOI) top 
layer and the Si3N4. By doing so, the Si3N4 mask will create a shadow mask like effect during the thermal oxidation 
which produces smooth slopes between the thinned (tthin) and the unthinned (t0) regions. This reduces transmission 
losses in waveguides passing through those regions (see figure). Preliminary results show that a 1.5 µm thick SiO2 
layer can lead to transition length (Ltrans) of ~3.5 µm for a thickness change (Δt) of ~90 nm. This concept can be 
pushed even further and be used to design TE-pass filters. For instance, simulations realized by 3 dimensions finite-
difference time-domain (3D-FDTD) method at telecommunication wavelengths show that a 1 µm wide waveguide 
buried in SiO2 having a 260 nm original thickness (t0), a 200 µm long region (Lfilter) thinned to 50 nm and transition 
lengths of 4 µm (Ltrans) will see an attenuation of 19 dB for the TM00 mode while the TE00 mode would only 
see an attenuation of 0.3 dB. This robust fabrication technique could also be used in other silicon based photonics 
applications where a smooth thickness change is needed.

[1] SOCPRA Science et génie S.E.C., et al. (2013). Low loss directional coupling between highly dissimilar optical waveguides 
for high refractive index integrated photonic circuits (WO 2012/088610 A1). 89 pp. (patent)
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(OPTO.28.02.6)   PATTERNED SEMICONDUCTOR QUANTUM DOT LASERS 

J.J. Coleman
Department of Electrical Engineering, University of Texas at Dallas, USA

In many cases, the utility of quantum dot lasers would be enhanced 
by ordered distributions of uniform, or better yet engineered 
distributions of arbitrary, quantum dots. We have successfully 
applied selective area epitaxy or wet chemical etching using a 
patterned oxide mask for the formation of quantum dot layers, as 
shown in Figs. 1 and 2. These patterned quantum dots have been 
incorporated into diode laser active regions.

We have also recently developed a novel inverted quantum dot 
structure – called a nanopore – which consists of an InGaAs 
quantum well which has been periodically perforated and then 
filled with the higher bandgap GaAs barrier material 

(Fig. 3). This structure exhibits a similar quantized energy structure 
to that of quantum dots, with fundamental differences. Strong 
coupling between unit cells results in the formation of allowed and 
forbidden energy bands instead of highly localized, fully discrete 
states. In addition, the periodicity of the lattice affects the nature 
of higher order states and can result in large increases in carrier 
lifetimes in higher order states. 

Here we describe in detail the growth, processing and characteristics 
of patterned quantum dot and nanostructure lasers that exhibit 
interesting and potentially important effects arising from the 
introduction of nanoscale features (<50 nm) in the active medium. 
Methods for forming patterned quantum dots by etching or 
patterned selective area epitaxy are outlined and the resultant laser 
characteristics are presented. The fabrication process and laser 
results for a novel inverted quantum dot structure, formed from an 
engineered nanoscale periodicity, are described.
 

	  

Fig.	   1.	   Atomic	   force	   rendering	   of	   the	  
patterned	   quantum	   dot	   stripe	   after	  
regrowth	   and	   removal	   of	   the	   SiO2	  
growth	  inhibition	  mask.	  Inset:	  Three-‐
dimensional	   rendering	   of	   a	   1µm	   x	  
1µm	   region	   of	   the	   quantum	   dot	  
stripe.	  

	  

Fig.	   2.	   Patterned	   quantum	   dot	   array	  
after	  etching	  and	  stripping	  of	  the	  etch	  
mask	   at	   a	   magnification	   of	   30k	   and	  
300k.	  

	  

Fig	   3.	   Three-‐dimensional	   illustration	  
of	   the	   nanopore	   active	   layer	   with	  
cutaway	  of	  top	  barrier	  layer	  revealing	  
the	  perforated	  quantum	  well	  structure	  

(OPTO.28.02.7)   Stable mode-locked lasers for the THz regime

John H. Marsh and Lianping Hou
School of Engineering
University of Glasgow

Glasgow G12 8QQ, United Kingdom
john.marsh@glasgow.ac.uk

Abstract— We report highly stable mode-locked lasers operating at 1.5 µm operating over the range from ~10 GHz 
to 1.4 THz. Novel DBR constructions and nonlinear conversion are required to reach the highest frequencies.

Mode-locking is a useful technique for generating short optical pulses at high repetition frequencies. Because of 
their small size and short cavity length (typically 0.5 mm to 10 mm), edge-emitting semiconductor lasers have 
fundamental mode-locking frequencies in the range ~4 to ~80 GHz. Here we discuss the evolution in device and 
material design as the mode-locking frequency is increased from ~10 GHz to > 1THz for lasers operating at 1.5 µm.
The ideal mode-locked laser emits short pulses with a high peak power. These two requirements conflict as epitaxial 
structures with a high gain coefficient will also exhibit high nonlinearities. A low gain structure for use at 1.5 µm has 
been developed, with the number of QWs reduced from 5 to 3 QWs and a trap to further reduce the optical overlap. 
This structure is optimized for use in a long cavity configuration to deliver high power but at the same time maintain 
a small nonlinearity. 

Several techniques can be used to force the device to operate at a harmonic of the fundamental frequency. In colliding 
pulse mode-locking (CPM) one or more SAs are placed at strategic points in the cavity, and several pulses circulate 
and interfere (collide) in the SAs. For example, a single SA placed in the centre of a cavity will favour mode-locking 
at the 2nd harmonic. Using 3 SAs, we have operated devices up to 240 GHz at 1.5 µm. A comparison of 3 QW and 
5QW material demonstrates not only better pulses (0.88 ps pulses with a peak power of 65 mW), but much less 
sensitivity to the bias conditions.

We have recently proposed the use of sampled grating distributed Bragg reflector (DBR) structures for reaching THz 
repetition frequencies. Devices at 1.5 µm provide nearly transform-limited pulse trains at 640 GHz and 1.28 THz 
with a high degree of controllability. Using sampled gratings of 2 different periods and frequency mixing within the 
device, a sum frequency as high as 1.34 THz has been obtained.
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(OPTO.28.09.1)   Calcium barium niobate thin-film based electro-optical devices:  Recent progress  
and challenges

M. Chaker
INRS-EMT

CaxBa1-xNb2O6 (CBN) is a very promising electro-optical material that we successfully synthesized as thin films by 
both pulsed laser deposition and sputtering. We report on the high quality CBN deposition, device design, fabrication 
and characterization.

(OPTO.28.09.2)   Compact Nanophotonic Devices and Photonic Integrated Circuits on Silicon for Optical 
Interconnect Applications

 J. Klamkin1,2,3,*  , H. Zhao1 , S. Faralli3 ,P. Contu1 , F. Gambini 3,4 , C. Campanella 1 ,A. Malacarne4 , G. Meloni4 ,  
G. Berrettini3 , G. Contestabile3 , L. Potì4

1 Department of Electrical and Computer Engineering, Boston University, Boston, MA, USA  
2 Division of Materials Science and Engineering, Boston University, Boston, MA, USA

3 Scuola Superiore Sant’Anna, Pisa, Italy
4 CNIT - National Laboratory of Photonic Networks, Pisa, Italy

*klamkin@bu.edu

The silicon (Si) photonics platform has emerged as a preeminent integration platform in recent years owing to its 
ability to realize compact and power-efficient photonic integrated circuits (PICs) and the potential for monolithic 
integration with CMOS electronics. This platform was developed to leverage the mature manufacturing infrastructure 
developed for the microelectronics industry. The Si on insulator (SOI) technology, typically comprising a 220-nm 
thick Si layer on a 2-μm- thick buried oxide (BOX) layer, enables manufacturing of low-loss Si nanowire waveguides 
[1]. Active components, such as photodetectors based on germanium and optical modulators based on p-n junctions, 
can also be realized using CMOS processes [2]. Si transceiver PICs can be used for compact low-power transceivers 
for optical interconnects, where free space or an optical waveguide (on-chip, on-board, or fiber-based) provides a 
transmission medium. Examples of demonstrated Si transceiver technologies include a 16-quadrature amplitude 
modulation (QAM) transmitter [3] and a polarization division multiplexed differential quadrature phase- shift keying 
(PDM-DQPSK) receiver [4]. To reduce the size and power of Si tranceivers, especially for on-chip applications, 
integrated nanophotonic components are required. This talk will discuss some examples of demonstrated Si PIC 
transceivers as well as recently developed technologies for more compact integrated photodetectors and optical 
modulators based on 2D materials such as graphene.

[1] P. Dumon, et al., “Low-loss SOI photonic wires and ring resonators fabricated with deep UV lithography,” IEEE Photon. 
Technol. Lett. 16(5), 1328–1330 (2004). [2] A. Novack, et al., “A 30 GHz silicon photonics platform,” Proc. SPIE 8781, 878107 
(2013).
[3] A. Malacarne, et al., “Versatile offset-free 16-QAM single dual-drive IQ modulator driven by binary signals”, Opt. Lett., 
37(19), 4249–4151 (2012).
[4] J. Klamkin, et al., “A 100-Gb/s noncoherent silicon receiver for PDM- DBPSK/DQPSK signals”, Opt. Express, 22(2), 
2150–2158, Jan. (2014).
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(OPTO.28.09.3)   UV Laser Quantum Well Intermixing: Process reliability for optoelectronics  
device fabrication

Romain Beal12, Vincent Aimez2 and Jan J. Dubowski1,2

1 Laboratory for Quantum Semiconductors and Photon-based BioNanotechnology
2 Institut Interdisciplinaire d’Innovation Technologique (3iT), Département de génie électrique et gènie informa-

tique, Université de Sherbrooke, Canada

Quantum Well Intermixing (QWI) is a post-growth bandgap tuning process investigated for the fabrication of 
some photonic integration circuits. In that context, evaluation of the reproducibility and reliability of QWI is of 
paramount importance for its implementation into industrial fabrication schemes. Aiming to address this issue, we 
have investigated a UV Laser-based QWI (UV-QWI) technique, based on the application of a KrF excimer laser (λ 
= 248 nm) for processing of InGaAs/InGaAsP QW microstructures. The process’s remarkable capability to produce 
multi-bandgap wafers in a single processing step and without the need of a mask deposition technique has been 
demonstrated previously [1]. Furthermore, we have reported on significant progress made in understanding of the 
laser-matter interaction processes involved in QWI [2, 3]. The current work presents an analysis of the UV-QWI 
process ability in delivering material with properties of satisfying reproducibility. For this purpose, a large number 
of InGaAs/InGaAsP QW microstructures, nominally emitting at 1.55 µm, was irradiated in an air environment 
using KrF laser delivering pulses of 155 mJ/cm2 fluence. Following the laser irradiation, the investigated samples 
underwent rapid thermal annealing (RTA) to induce selective area diffusion of laser-generated defects. Bandgap 
energy modification induced by this UV-QWI process was characterized using room temperature photoluminescence 
mapping. The analysis of 32 samples enabled us to determine that a selective area bandgap blueshift targeted at 103 
nm could be achieved with a standard deviation of 5 nm. It appears that even further enhanced bandgap shifting 
precision could be achieved with an improved control of the RTA process.

[1] Genest J, Beal R, Aimez V and Dubowski J J 2008 ArF laser-based quantum well intermixing in InGaAs/InGaAsP 
heterostructures Appl. Phys. Lett. 93 071106
[2] Liu N and Dubowski J J 2013 Chemical evolution of InP/InGaAs/InGaAsP microstructures irradiated in air and deionized 
water with ArF and KrF lasers Appl. Surf. Sci. 270 16-24
[3] Liu N, Poulin S and Dubowski J J 2013 Enhanced photoluminescence emission from bandgap shifted InGaAs/InGaAsP/InP 
microstructures processed with UV laser quantum well intermixing J. Phys. D: Appl. Phys. 46 445103

(OPTO.28.09.4)   Analysis of the Large and Small Signal Direct Current  Modulation Response up to  
60GHz of Metal-Clad Nano-Lasers

Zubaida A.Sattar1 and K. Alan Shore1 
1 Bangor University, School of Electronic Engineering, 

Bangor, LL57 1UT, Wales,UK  

In recent year’s semiconductor nano-lasers have attracted considerable attention due to their potential applications in 
photonic integrated circuits, optical information processing and system-on-a-chip technologies. For such applications 
the salient requirement is the miniaturization of laser structures. Such nano-lasers are anticipated to exhibit enhanced 
dynamical performance which may arise from a combination of physical factors including Purcell spontaneous 
emission enhancement factor F, and spontaneous emission coupling factor, β. In recent work, the impact of Purcell 
enhanced spontaneous emission on the modulation performance of nano-LEDS and nano-lasers have been examined.
Enhancement of nano-laser dynamics have been studied based on the Purcell effect leading to a proposal of modulation 
bandwidths in excess of 100GHz.However, in complementary work   on the dynamical performance of metal-clad 
nano-lasers it was shown that the direct-current modulation bandwidth of such lasers may suffer deleterious effects 
due to increased Purcell spontaneous emission enhancement factor and spontaneous emission coupling factor . 

In the present work, the response of metal clad nano-lasers to direct current modulation has been analysed in both 
the small signal and large signal regimes. Calculations have been performed using rate equations which include the 
Purcell cavity-enhanced spontaneous emission factor  and the spontaneous emission coupling factor. Taking these 
effects into account  it is observed that the maximum modulation response for large signal response is lower  than 
that of the small signal due to the increased nonlinearity in the large signal regime. Nevertheless for both small and 
large signal regimes modulation bandwidth of approximately 60GHz can be achieved. Conditions are also identified 
to achieve peak modulation response occurs at resonant frequencies of  40GHz and 30GHz.
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(OPTO.28.14.1)   Subwavelength silicon nanophotonics 

P. Cheben, J. Schmid, D.X. Xu, J. Lapointe, S. Janz, M. Vachon, S. Wang, R. Halir, A. Ortega-Moñux, C. Alonso 
Ramos,  J. G. Wangüemert Pérez, I. Molina-Fernández, P. Bock, D. Benedikovič, M. Dado, and J. Müllerová

National Research Council, Ottawa, Canada
University of Malaga, Spain

University of Zilina, Slovak Republic

A new class of silicon photonic structures and devices have emerged exploiting refractive index engineering by 
subwavelength gratings. By etching an array of gaps of a pitch smaller than the Bragg resonance length into a silicon 
waveguide, a nanostructure is formed with an effective index controlled by the grating duty ratio. This way, a wide 
range of synthetic material refractive indexes can be obtained, thereby circumventing the fundamental constraint 
of a limited number of materials available in silicon photonics. We discuss the principles, design, fabrication and 
applications of subwavelength nanostructures in silicon photonics. We show that subwavelength engineering is 
advantageously used to increase the minimum feature size in photonic circuit design to 100 nm or more, compatible 
with deep-uv 193 nm lithography typically used in silicon photonic foundries. Practical examples will be presented, 
including recent advances in high efficiency fibre-chip edge couplers, surface grating couplers, polarization control 
devices, dispersion engineered colorless MMI and directional couplers, and wavelength multiplexers for data 
interconnects.  

(OPTO.28.14.2)   Coherent Perfect Loss Modulators

Richard R. Grote, Jeffrey B. Driscoll, and Richard M. Osgood, Jr.
Microelectronics Sciences Labs., Columbia University, New York, NY 10027, USA

We describe a new type of integrated optical modulator based on coherent perfect loss (CPL). This concept is 
formulated based on the discussion regarding the recently discov-ered “time-reversed-lasers” advanced in several 
key papers by Stone at Yale. This modu-lation scheme uses the phase difference Δφ between two balanced input 
beams to modu-late the power escaping from the resonator between 0 and 100%. Our results show that these CPL-
based devices can act as small foot-print, broadband modulators and demodu-lators for on-chip applications and thus 
have several advantages over conventional Mach-Zehnder-based devices.  A  CPL device uses phase controllable 
loss from a single-mode resonant cavity.  For operation, it requires a resonator, two balanced inputs, and damping, 
which can be either internal or external, and rate matching; this condition is related to critical coupling. Finally note 
that changing 𝛥𝜑 determines the escape path from the resonator and modulates on resonance as 𝑃𝐿=𝑃0cos2(∆𝜑2).

Here we discuss theoretical studies of these new devices and then examine potential applications using numerical 
simulation.  With CPL modulators based either on a ring resonator (RR) or a 1D photonic crystal (PhC) cavity 
resonator; see Fig. 1a), b). Two computational methods have been used for our study:  FDTD, a method well matched 
to the high-index materials used for our structures and temporal coupled mode theory, a coupled mode appropriate 
for understanding resonator dynamics. We also report fabrication of key components of these devices including ion–
implanted rings and high-Q photonic crystals

(Fig.1), which operate via their large scattering loss and discussion their measured properties.  Finally we have recently 
theoretically investigated this unique modulator concept for several important applications in data communication; 
namely DPSK demodulation, balanced and coherent detection, and switching and routing.  Consideration of the 
device performance and footprint show the distinct advantages over standard modulator architectures, opening new 
routes to different types of modulation architectures. The authors acknowledge support from Columbia Optics and 
Quantum Electronics IGERT, NSF Grant DGE-1069420, and S. A. Mann for fruitful discussions.

Fig. 1: Two approaches to a CPA(a) Ring resonator based CPL-I modulator, (b) PhC based CPL-E modulator, (c) 
shows a PhC resonator Electronics IGERT, NSF Grant DGE-1069420, and S. A. Mann for fruitful discussions.
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(OPTO.28.14.3)   Demonstration and characterization of angled optical fiber couplers for silicon  
photonic devices

Abdoulkader Ali Houfaneh1, Hammou Hammoudi1, Nelson Landry1, Jiayang Wu2, Yikai Su2, Christine Tremblay1

1Laboratoire de technologies de réseaux, École de technologie supérieure, Canada
2State Key Laboratory of Advanced Communication Systems and Networks,       

Shanghai Jiao Tong University, China

Silicon photonic devices based on silicon-on-insulator (SOI) technology are considered as key building blocks for 
photonic integrated circuits (PICs) and optical interconnects as a result of their high-density integration capability, 
their low energy consumption as well as their compatibility with complementary metal-oxide-semiconductor 
(CMOS) processing.  A wide range of passive and active components based on silicon microring resonator (MRR) 
structures, such as add-drop filters, modulators and switches have already been demonstrated successfully for 
telecommunications, optical signal processing and sensing applications.  However, the very small dimensions of 
SOI waveguides still pose some challenges in fiber coupling and device packaging [1,2].

In this poster, we propose and demonstrate a coupling scheme based on angled optical fibers to couple light into 
and out of grating-coupled silicon devices on a SOI wafer. With the proposed technique, fiber pigtails with end 
faces polished at an angle corresponding to the input/output angle of the grating coupler are used, which results in 
a planar fiber arrangement suitable for compact and robust packaging.  The proposed coupling scheme has been 
implemented successfully and tested on silicon waveguides and MRR add-drop filters developed at Shanghai Jiao 
Tong University.  First, we describe the proposed fiber-grating coupling scheme.   Secondly, we report on the coupling 
efficiency obtained with the fiber-grating coupling scheme as compared to the conventional grating coupling method. 
We also report on the performance measurements of fiber-grating-coupled add-drop filters at the component level 
(insertion loss, channel bandwidth, crosstalk) and at the system level (in WDM link configuration) and compare the 
experimental results with theoretical results obtained by using a VPIcomponentMakerTM model. 

[1] W.S. Zaoui et al., Optics Express, 22(2), 1277-1289, January 2014.
[2] B. Snyder et al., IEEE Trans. Comp., Packag., Manufact. Technol., 3(6), 954-959, June 2013.
Acknowledgments: This work was supported by Science and Technology Commission of Shanghai Municipality and by Quebec 
FRQNT Strategic Clusters COPL and SYTACom.

(OPTO.28.14.4)   Structured Light in Photonic Metamaterials

Mikhail I. Shalaev, Jingbo Sun, Zhaxylyk Kudyshev, Jinwei Zeng, Apra Pandey, and Natalia M. Litchinitser
Department of Electrical Engineering, University at Buffalo, The State University of New York, Buffalo, NY 14221

In this talk we will review our recent theoretical and experimental studies focused on linear and nonlinear optical 
phenomena taking place at the interface of two emerging fields of modern optical physics - singular optics and optical 
metamaterials (MMs). We will start with the discussion of an ultra-compact array of nano-waveguides with a circular 
graded distribution of channel diameters that coverts a conventional laser beam into a vortex with configurable 
orbital angular momentum. We also present a design of another miniaturized astigmatic optical element based on a 
single biaxial hyperbolic MM that enables the conversion of Hermite-Gaussian beams into vortex beams carrying 
an orbital angular momentum and vice versa. The advantages of these approaches over the existing bulk optics 
based techniques include compactness, compatibility with ultra-compact opto-electronic circuits, and potential re-
configurability.

Next, we will switch to the discussion of novel nonlinear optical phenomena that arise when either the material or light 
itself is structured. In particular, we predicted that second harmonic generation (SHG) with structured light carrying 
orbital angular momentum (OAM) and propagating in negative index materials (NIMs) results in a possibility of 
generating a backward propagating beam with simultaneously doubled frequency, OAM, and reversed rotation 
direction of the wavefront. These results may find applications in high-dimensional communication systems, quantum 
information processing, and optical manipulation on a nanoscale. In related studies, we predicted that resonant field 
enhancement of obliquely incident light in a quadratically nonlinear transition MM enables an ultracompact platform 
for SHG at significantly reduced input powers. We also mention a reconfigurable cylindrical concentrator designed 
using a transformation-optics approach when the core of the device contains a material with Kerr nonlinearity. We 
demonstrated that in the case of focusing Kerr nonlinearity of the material in the device, it functions as an axicon-like 
lens with a variable focus line that can be tuned by changing the incident electromagnetic field. 

Finally, we will briefly discuss a novel approach to making objects invisible that is based on structuring light itself 
instead of structuring the medium around the object. We experimentally realized a macroscopic invisibility cloak, 
based on structured light, operating at optical wavelengths, which is polarization independent, easy to fabricate, and 
operates in relatively broad range of wavelengths.
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(OPTO.28.14.5)   Light-Matter Interactions in 2D Materials

Tony Low
IBM Thomas J. Watson Research Center, USA

Electrical and Computer Engineering, Yale University, USA Electrical and Computer Engineering,  
Columbia University, USA

Recent discovery of a new class of two-dimensional (2D) crystals, with widely diverse and unique electrical, 
mechanical and optical properties, carries great potentials for major advancements in nano- electronics and nano-
photonics. In this talk, I will describe our recent work on the understanding and engineering of light-matter interactions 
in graphene, drawing upon both theoretical and experimental studies [1-8]. I will discuss how strong coupling of 
electromagnetic waves with an electric dipole carrying excitation, such as plasmon, phonons or excitons, can lead 
to various types of surface polaritons in 2D materials. In particular, I will describe how plasmons in graphene 
disperses and damps, and how the coupling with remote phonons can strongly modify the plasmonic character. 
Furthermore, these plasmon- and phonon-polaritons resides within the technologically important terahertz to mid-
infrared spectrum, allowing for interesting active devices such as light benders, photodetectors, and sensing of 
molecular layers. Lastly, I will discuss light-matter interaction in new 2D materials beyond graphene. I will illustrate 
how going from monolayer to bilayer graphene can lead to interesting plasmonic effects such as phonon- induced 
transparency and an optical-like plasmonic mode. Black phosphorus, a layered material like graphene, was also re-
discovered recently. This material exhibits optical properties that vary sensitively with thickness, doping, and light 
polarization across the mid- to near-infrared spectrum. In addition, it exhibits a highly anisotropic plasmonic mode 
not seen in any other plasmonic materials.

1. M. Freitag, T. Low, W. Zhu, H. Yan, F. Xia and P. Avouris, “Photocurrent in graphene harnessed by tunable intrinsic plasmons,” 
Nature Communications 4:1951 (2013)
2. M. Freitag, T. Low, F. Xia and P. Avouris, “Photoconductivity of biased graphene,” Nature Photonics 7, 53 (2013)
3. T. Low, A. S. Rodin, A. Carvalho, Y. Jiang, H. Wang, F. Xia and A. H. Castro Neto, “Tunable optical properties of multilayers 
black phosphorus,” Unpublished (2014)
4. T. Low and P. Avouris, “Graphene plasmonics for terahertz to mid-infrared applications,” ACS Nano 8, 1086 (2014)
5. H. Yan, T. Low, W. Zhu, Y. Wu et al, “Damping pathways of mid-infrared plasmons in graphene nanostructures,” Nature 
Photonics 7, 394 (2013)
6. T. Low, F. Guinea, H. Yan, F. Xia and P. Avouris, “Novel mid-infrared plasmonic properties of bilayer graphene,” Physical 
Review Letters 112, 116801 (2014)
7. H. Yan, T. Low, F. Guinea, F. Xia and P. Avouris, “Tunable phonon-induced transparency in bilayer graphene nanoribbons,” 
arXiv:1310.4394v1 (2013)
8. T. Low et al, “Screening and plasmons in black phosphorus,” Unpublished (2014)

(OPTO.28.14.6)   Integration of rare-earth doped waveguide amplifiers onto passive photonic motherboards

Sonia Garcia Blanco
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(OPTO.28.14.7)   Mirrored Mesh-Tree Interconnect-on-Chip for Multiprocessor Systems

Rubana Bahar Priti, Chunshu Zhang, and Odile Liboiron-Ladouceur
Dept. of Electrical and Computer Engineering, McGill University, 

Montreal (QC), H3A 0E9, Canada

In high-speed computing systems, tens of multi-core processors working in parallel enables faster computation 
resulting in more stringent memory access bandwidth and latency requirements. As power dissipation and signal 
attenuation of electrical interconnects increase with data rate, a significant communication bottleneck arises. 
Photonics integration technology enables interconnectivity between processors with potentially lower power 
consumption, higher bandwidth and higher density for scalable and energy-efficient computing systems. Through 
photonic integration, the interconnectivity between moderate port counts has become possible.

An all-optical interconnect-on-chip switch architecture is proposed using a hybrid mesh tree topology. Fig. 1 
shows the proposed architecture interconnecting eight processors with five on-chip ring-based switches. A mirrored 
interconnection exists where one network connects processors P1 to P4 duplicated for connecting processors P5 to 
P8. Indeed, the mesh-tree network formed by switches S1, S2 and S3 is a replica of the network formed by switches 
S1, S4 and S5. The network is arranged essentially in a mirrored mesh-tree. This novel optical interconnection 
architecture exploits the scalability of tree topology by cascading more switching into hierarchal levels, while allowing 
contention management routing known of mesh topology through non-blocking data flow between processors. A 
silicon ring-based switch is used for the on-chip switches enabling layout scalability. Fig. 2a shows the schematic 
of the ring-based 4×4 switch, which consists of four elementary 2×2 switch building blocks. Through a ring in each 
quadrant of a waveguide crossing, the optical signal couples between the ring and the buses via a directional coupler. 
Fig. 2b shows the two operation states (ON and OFF) enabled by electrical current injection (1 V) into the p-n 
junction of the rings. The optical signal couples with a right angle turn based on the switching configuration set by 
an off-chip scheduler. The optimized coupling lengths (5.9 μm and 5.2 μm) lead to good on/off switching ratio (Fig. 
2c) and low insertion loss (1.3 dB).  The inter-switch delay for the shortest link (i.e., P1 to P2) is 4 ps with an inter-
router delay (i.e., P1 to P8) of 12 ps. The proposed mirrored mesh-tree interconnect-on-chip architecture in silicon 
photonics provides low memory access time while enabling the bandwidth that optics offer for moderate number of 
ports.

(OPTO.28.14.8)   Silicon-on-insulator carrier-injection Mach-Zehnder switch cells for large switch matrices

Patrick Dumais, Jia Jiang, Hamid Mehrvar, Dritan Celo, Dominic Goodwill, and Eric Bernier
Huawei Technologies Canada

303 Terry Fox Drive, Suite 400, Kanata, Ontario, Canada
patrick.dumais@huawei.com

Large-scale photonic switch matrices have the potential to solve performance bottlenecks currently appearing in 
optical communications and data center networks. Silicon-on-insulator technology provides a density of photonic 
switch cells sufficient to produce a photonic switch matrix large enough to be useful in a variety of applications.  
System performance requirement such as signal to noise ratio (SNR) or overall switch fabric insertion loss imposes 
significant constraints on the optical performance of individual switch cells. We estimate the main specification is of 
a photonic switch cell to have its insertion loss lower than 0.4 dB, and its extinction ratio should be at least 17 dB. 

In this paper, we present experimental results on carrier-injection-driven silicon-on-insulator switch cells based on 
Mach-Zehnder Interferometers(MZI). Our objective is to optimize the switch cell design to meet the switch cell 
performance targets outlined above. The contrast ratio of an MZI switch cell is impacted by the loss imbalance 
created by carrier injection.  It will be demonstrated that driving an MZI switch cell with two carrier-injection p-i-n 
junctions results in  good contrast ratio throughout all the operating states of  the switch cell. We present phase shift 
and loss data as a function of junction length and outline the trade-offs required. We demonstrate that the extinction 
ratio target is met.
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1Optoelectronics Research Centre, Southampton University, UK,  
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Low fabrication error sensitivity, integration density, channel scalability, low switching energy and low insertion 
loss are the major prerequisites for future on-chip WDM systems and interfacing with optical fibres. A number of 
device geometries have already been demonstrated that fulfil these criteria, at least in part, but combining all of the 
requirements is still a difficult challenge. 

Two contenders that could fulfil these criteria are the low loss nitride waveguiding platform and the high index group 
IV compounds for active photonic devices.

Silicon Oxynitride (SiON) and Silicon Nitride (SiN) based waveguides are extremely powerful and central to today’s 
optical communications networks. The intermediate refractive index provides low footprint devices but eases the 
fabrication demands that can result in phase errors and repeatability problems in the all silicon approach. This 
enables multiplexors and demultiplexors with very low crosstalk and insertion loss and extremely low loss long range 
waveguides, making them very attractive for the optical backplanes and rack to rack links inside supercomputers and 
data centers. Group IV Photonics GeSi has a number of attractive optical characteristics for modulation, absorption 
and detection in a small volume area enabling low power and high density integration.

Here, we propose and demonstrate a novel architecture consisting of the interfacing of a range of deposition method 
using low temperature PECVD and HWCVD nitride waveguides, Photonic crystal modulators [1] but also detectors 
[2] connected by a silicon nitride bus waveguide. The architecture features very high scalability due to the small size 
of the devices (~100 micrometre square) and the modulators operate with an AC energy consumption of less than 
1fJ/bit. 

1. Debnath, K., et al., Cascaded modulator architecture for WDM applications. Opt. Express, 2012. 20(25): p. 27420-27428.
2. Debnath, K., et al., Dielectric waveguide vertically coupled to all-silicon photodiodes operating at telecommunication 
wavelengths. Applied Physics Letters, 2013. 102(17)

(OPTO.29.18.1)   Optical Parametric Oscillators: New Frontiers

Majid Ebrahim-Zadeh1,2
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2 Institucio Catalana de Recerca i Estudis Avancats (ICREA), Passeig Lluis Companys 23, Barcelona 08010, Spain

Optical parametric oscillators (OPOs) are now widely established as versatile and practical sources of tunable 
coherent radiation covering broad spectral regions inaccessible to lasers, and capable of operating in all temporal 
domains from the continuous-wave (cw) to the ultrafast femtosecond time-scales. The development of novel nonlinear 
materials and the steady progress in pump laser technology, combined with the application of innovative pumping and 
cascaded nonlinear conversion techniques, have led to major advances in OPOs over the past few years. The advent 
of new birefringent nonlinear crystals such as BiB3O6 (BIBO) and CdSiP2 (CSP), the development of quasi-phase-
matched materials such as MgO:PPLN, MgO:sPPLT and OP-GaAs, the rapid progress in Yb-fiber laser technology 
in cw and ultrafast time-scales, and further advances in the ultrafast Ti:sapphire lasers, have had an unprecedented 
impact on OPOs and their advancement to new spectral and temporal limits. Combined with the application of 
innovative cascaded pumping and frequency up- and down-conversion techniques, these developments have led to 
major new breakthroughs in OPOs, and have led the realization of a new generation of tunable coherent light sources 
based on nonlinear frequency conversion that can now cover spectral regions from the UV to deep-IR, and can 
operate from cw to a few-cycle time-scales. In particular, by deploying cascaded external and internal frequency up-
conversion in ultrafast time-scales, we have achieved tunable wavelength coverage across an unprecedented range of 
250-2500 nm in femtosecond OPOs using MgO:PPLN and BIBO as nonlinear material, while by exploiting internal 
cascaded pumping in synchronously-pumped OPOs based on MgO:PPLN and CSP, we have achieved operation of 
femtosecond OPOs into the deep-IR at wavelengths as long as ~8 μm. At the same time, by employing ultrashort 
pump pulses of ~20 fs duration, and with careful management of dispersion, we have extended the operation of 
femtosecond OPOs to new temporal limits, generating broadband, few-cycle mid-infrared pulses with as few as 3.7 
optical cycles and  bandwidths spaning over ~500 nm. In this talk, I will present the latest results at new frontiers of 
OPO technology in both spectral and time domain, which have been enabled by the described techniques. I will also 
provide an overview of some applications of OPO sources and their commercial realization.
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(OPTO.29.18.2)   Measurement of chirp in mode-locked diode lasers

A. Catrina Coleman1, P.M. Stolarz2, G. Mezosi2, M.J. Strain2 and M. Sorel2, 
1 University of Texas at Dallas, USA

2 University of Glasgow, UK

Modelocked diode lasers (MLDL) are compact sources of ultrashort pulses (less than or the order of 1 ps) at very 
high frequencies (100’s of GHz). The mechanisms involved in the formation of the pulses are complex. Complete 
characterization of the pulses would help gain a deeper understanding of the complex mechanisms involved. Due to 
the relatively low power in the pulses, characterizing their chirp is a considerable challenge. Commercially available 
techniques do not have the sensistivity necessary to characterize MLDLs.

We have developed a sonogram technique which 
uses an extremely sensitive two photon absorption 
waveguide photodiode as a detector (Fig. 1). It is 
based on the autocorrelation of the pulse with a 
spectrally filtered replica of itself. The detector 
used is a specially designed waveguide photodiode 
which efficiently couples the light into a small 
mode increasing the light intensity in the detection 
section of the waveguide enabling efficient two 
photon absorption. The operation of the system 
was verified by characterizing test pulses of known 
chirp.

The sonogram system has enabled the charactersiation of pulses from a two section (gain and saturable absorber) 1.5 
µm passively mode-locked InGaInAs/InP diode laser with energies as low as 10 fJ. The chirp was measured over 
a range of bias conditions, as a function of both the gain current and the saturable absorber bias. It was found that 
positive linear chirp was present in all the pulses. However, at high gain currents higher order chirp was observed. 
It was also noted that the chirp was more sensitive to variations in the gain current than to changes in the saturable 
absorber bias. The chirp dependence on gain section current reflects the refractive index variations associated with 
the carrier density changes and the effect of self phase modulation, both of which influence the pulse profiles.

	  

Fig.	  1	  Schematic	  of	  the	  sonogram	  
system	  

(OPTO.29.18.3)   Ultra-broad band radio frequency noise analysis on a chip

Marcello Ferrera,1,2,* Christian Reimer,1 Alessia Pasquazi,3 Marco Peccianti,3

Matteo Clerici,1,2 Lucia Caspani,1 Sai T. Chu,4 Brent E. Little,5  Roberto Morandotti1,
and David J. Moss,1,6

1INRS-EMT, 1650 Blv. Lionel-Boulet, Varennes, Québec J3X 1S2, Canada
2School of Engineering and Physical Sciences, Heriot-Watt University,Edinburgh, Scotland  

EH14 4AS, United Kingdom
3Department of Physics and Astronomy, University of Sussex, Falmer, Brighton BN1 9RH, United Kingdom

4Department of Physics and Materials Science, City University of Hong Kong,Tat Chee Avenue,  
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*m.ferrera@hw.ac.uk

The growing demand for ultra-fast data processing will soon push modern telecommunication networks to perform 
beyond the speed limitation imposed by electronic components.  Photonics surely represents the ultimate solution 
to these problems; then it is necessary to design systems capable of dealing with optical pulses with several THz of 
bandwidth and repetition rate of hundreds of GHz. In particular, the possibility of performing temporal diagnostic of 
such ultra-high repetition rate sources is going to be necessary in order to maintain high signal fidelity. Information 
on fundamental noise parameters such as the average duration of the intensity fluctuation, the pulse duration, the 
repetition rate, the cavity length mismatch, and the time jitter are of fundamental interest for achieving maximum 
performance of high frequency-clock optical modules. In this regards, the radio frequency (RF) spectrum of an 
optical signal, which is by definition the power spectrum of its temporal intensity P(ω)= |∫I(t)exp(iωt)dt|2, can be 
employed for a full characterization of high repetition rate mode-locked lasers. here we present an on-chip all-optical 
CMOS compatible radio frequency spectrum analyzer which exploits χ(3) nonlinearities in order to extract the 
intensity power spectrum of a mode-locked laser with ultra-high repetition rate (up to 400 GHz). Our system is based 
on a ≈4cm spiral waveguide and it has an intrinsic bandwidth of ≈152THz which is then reduced by the limitation of 
the optical tools at our disposal to ≈2.5THz. Our device capabilities go far beyond the reach of electronics and are 
directly applicable for fundamental ultra-fast on-chip signal processing.
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(OPTO.29.18.4)   Challenge of Inhomogeneous Waveguides Analysis

T. Gric1,2,3, M. Eldlio1, M. Cada1
1 Department of Electrical and Computer Engineering, Dalhousie University, Halifax, Canada;  

2 Semiconductor Physics Institute, Center for Physical Sciences and Technology, Vilnius, Lithuania;  
3 Department of Physics, Vilnius Gediminas Technical University, Vilnius, Lithuania

A high-speed signal processing through the optical slab waveguides have been the subject of an intensive theoretical 
research, resulting in applications in several fields, and stimulated research in integrated optics. The homogeneous 
dielectric waveguides and their properties are covered in details in many articles and textbooks. However, a huge 
interest has been shown in various inhomogeneous dielectric structures, which have been proposed to improve 
delay distortion and obtain the required spectrum of the guided-mode cutoff frequencies, which are not attainable in 
homogeneous structures. For general consideration of slab problems with arbitrary profiles, analytical methods are 
excellent. However, in waveguides loaded with arbitrary inhomogeneous dielectrics, analytical solutions are possible 
only for a limited number of permittivity profiles in simple geometries. The analysis of longitudinally inhomogeneous 
waveguides has been already proposed, but the main drawback of this approach is that it requires cumbersome and 
time-consuming integration. We therefore suggest to take this a step further by applying our developed new original 
analytical approach that does not require integration. To the best of our knowledge, this idea has not previously been 
considered. The aim of this work is to establish a different method that is generally applicable to any vectorial time-
dependent, anisotropic, non-linear, inhomogeneous, dissipative and dispersive media to analyze the field distribution 
of inhomogeneous slab waveguides with symmetric and asymmetric permittivity profiles. An additional purpose 
is to provide field distributions for inhomogeneous waveguides with different profiles. Our initial consideration of 
slab problems with arbitrary profiles, by means of analytical method shows enormous potential for use in several 
applications in many fields such as in physics, engineering, biosensor etc.  

(OPTO.29.18.5)   Optical Properties of CBN Thin Film Waveguide Structures 

N. Hossain1, S. Vigne1, F. Fesharaki2, S. Delprat1, K. Wu2, J. Margot3 and M. Chaker1

1INRS-EMT, Canada 
2Poly-Grames Research Center, Ecole Polytechnique de Montreal, Canada 

3Département de Physique, Universite de Montreal, Canada

Calcium-barium niobate (CaxBa1-xNb2O6, CBN) in the form of thin films is a very promising electro-optic (EO) 
material for the development of high performance EO modulators thanks to its high EO coefficient of 130 pm/V. 
However, before successful integration of CBN with the desired device performance, its optical properties and their 
correlation with the device design parameters need to be carefully assessed. In this work, we report on the design, 
fabrication and optical properties of CBN thin-film waveguide structures as a building block of CBN-based EO 
modulators. 

The waveguide structure was designed and simulated on Optiwave and BPM solver for different CBN thin film 
thickness, waveguide depth and width in order to identify the conditions for which propagation is single mode 
and losses minimized. Waveguides are fabricated using CBN thin films deposited on (001) MgO by pulsed laser 
deposition and patterned using high-density plasma etching in a PlasmaLab ICP380 System 1000 from Oxford 
Instruments. An original etching method in Cl2 plasma at 1 mTorr with a power of 1000W power was employed. 
Using a Nickel hard mask at high substrate temperature at 275 0C, we were able to fabricate smooth and nearly 
vertical etching of waveguide side walls. The fabricated waveguides were characterized using the Metricon prism 
coupler (Model 2010/M) system. They exhibit single mode propagation and low loss performances in good agreement 
with the simulations. Based on the high quality of deposited CBN thin films and on the high degree of optimization 
achieved for the fabrication of the waveguide structures, there is clearly a great potential for the conception of high 
performance EO modulators.  
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(OPTO.29.18.6)   Nanometer-thick flat lens with adjustable focus

T.V. Son1, C. Ba2, and A. Haché1

1Département de physique, Université de Moncton, Canada
2Centre optique photonique et laser (COPL), Université Laval, Canada

We report the first experimental evidence of focusing of a laser beam by a physically flat film of only 100 nm in 
thickness. We exploit optical phase shifts occurring in optical beams travelling through vanadium dioxide films as 
the material undergoes a phase transition. Refractive index changes on the order of unity are seen as the material goes 
from an insulating state to a metallic state. For some film thickness of 100 nm or less, there are specific wavelengths 
where transmittance or reflectance does not change during phase transition, owing to interference effects that cancel 
out changes in the material properties. Meanwhile, the phase of the optical beam is affected by a significant amount. 
These wavelengths are especially interesting if one wants to control optical phase shifts in the thin film without 
affecting other properties of light, such as amplitude. We carried out an experiment where a primary laser beam at 
532 nm (a frequency-doubled Nd:vanadate) was used to locally heat a VO2 film and create a temperature gradient 
with a Gaussian profile. A secondary beam at 1310 nm (diode laser) probed the area and was analyzed in reflection. 
Owing to the temperature gradient and the non-uniform phase shift, the beam focused to a distance of roughly 50 
cm.  This minimum focal length was gradually reached by increasing the primary beam intensity. This proof-of 
concept is the first step towards creating thin film flat lenses with adjustable focal length. A theory is currently in the 
works whereby we explore the limits of this focusing process. So far, it appears as though the initial experimental 
conditions were not optimal, and shorter focal lengths could be attained by optimizing the laser beam relative sizes. 
Future work includes exploring the tunability of the effect by controlling film thickness and the beam’s incidence 
angle and polarisation. 

(OPTO.29.18.7)   Analysis of Optical Mode Conversion in Tapered Waveguides

Alexandre Horth
McGill University, Canada
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(OPTO.29.P.50.35)   Study of red dopants influence in single emissive white phosphorescent organic light 
emitting diodes

Jin Wook Kim1, Ju-An Yoon1, Seung Il You1, Jin Sung Kang1, Kok Wai Cheah2 and Fu Rong Zhu2 and  
Woo Young Kim1,3*

1 Department of Green Energy & Semiconductor Engineering, Hoseo University, Asan, South Korea
2 Department of Physics, Hong Kong Baptist University, Hong Kong, China

3 Department of Engineering Physics, McMaster University, Hamilton, Canada

White organic light-emitting diodes (WOLEDs) attract much attention in recent years due to their potential use 
in the applications for backlight unit of LCDs, full color OELD display and solid state lighting. These WOLED 
applications require high luminous efficiency, appropriate color temperature, high color rendering index, and high 
color stability. In order to achieve these technical requirements in WOLEDs, many research groups have studied 
various designs with of multiple emissive layers leading to the complicated structure and additional cost.

White phosphorescent OLEDs(PHOLED) composed of N, N’-diphenyl -N,N’-bis(l-naphthyl-phenyl)-(l,l’-
biphenyl)-4,4’–diamine (NPB) as hole transport material, N,N’-dicarbazolyl-3,5-benzene (mCP) as host material of 
emissive layer, Bis(3,5-difluoro-2-(2-pyridyl) – phenyl - (2 - carboxypyridyl) iridium III (Firpic) as blue dye, tris(2 - 
phenylpyridine) iridium(III) (Ir(ppy)3) as green dye, and tris(1-phenylisoquinoline) iridium(III) (Ir(piq)3), iridium(III) 
bis(2-(2’-benzothienyl)pyridinato-N,C 3’) acetylacetonate (Ir(btp)2(acac)) and bis(2–phenyl–1-quinoline) iridium 
acetylacetonate (Ir(pq)2(acac)) as red dye doped into mCP, and 2’,2’,2’’- (1,3,5-Benzinetriyl)- tris(1-phenyl-1-H-
benzimidazole) (TPBi) as electron transport material and 8-Hydroxyquinolinolato-lithium (Liq) as electron injection 
material, respectively under structure such as ITO(1500Å) / NPB(700Å) / mCP:Firpic-8%:Ir(ppy)3-0.5%:red dopant-
0.5%(300Å) / TPBi(300Å) / Liq (20Å) / Al(1200Å).  We used Ir(piq)3, Ir(btp)2(acac) and Ir(pq)2(acac) as red dopant 
in the emissive layer to form electroluminescence(EL) peak at around 550nm to avoid concave feature between 
green and red EL peak. The white PHOLED using Ir(pq)2(acac) shows maximum luminous efficiency of 32.9cd/A 
and higher color rendering index than the other devices used Ir(piq)3 or Ir(btp)2(acac) along with CIEXY of (0.36, 
0.41). And also we will discuss triplet excitons of red dopant were saturated first and then transferred to green and/or 
blue dopants. Consequently, doping concentration of red dopant plays an important role to optimize single emissive 
white PHOLED’s performance.

(PLASMO.28.03.1)   One-dimensional Surface Phonon Polaritons

Xiaoji G. Xu1, Behnood G. Ghamsari2, Leonid Gilburd1, Gregory O. Andreev3, Chunyi Zhi4, Yoshio Bando5, Dmitri 
Golberg5, Pierre Berini2,6, and Gilbert C. Walker1

1Department of Chemistry, University of Toronto, Toronto, Ontario, M5S 3H6, Canada,  
 2School of Electrical Engineering and Computer Science, University of Ottawa, Ottawa, Ontario, K1N 6N5, Canada,  

3Bruker Nano Surfaces Division, 112 Robin Hill Road, Santa Barbara, CA 93117, USA, 
 4Department of Physics and Material Science, City University of Hong Kong, Hong Kong, China,  

5World Premier International (WPI) Center for Materials Nanoarchitectonics (MANA), National Institute 
 for Materials Science (NIMS), Tsukuba, Ibaraki 305-0044, Japan,  

6Department of Physics, University of Ottawa, Ottawa, Ontario, K1N 6N5, Canada

Surface polaritons, which are electromagnetic waves coupled to material charge oscillations, have enabled many 
applications in concentrating, guiding, and harvesting optical energy below the diffraction limit. Surface plasmon 
polaritons (SPPs) involve oscillations of conduction band electrons and are accessible in noble metals at visible and 
near-infrared wavelengths, whereas surface phonon polaritons (SPhPs) rely on phonon resonances in polar materials, 
and are active in the midinfrared (mid-IR). Noble metal SPPs have limited applications in the mid-IR because they 
are poorly bound to the supporting interface. SPhPs at flat interfaces normally possess long polariton wavelengths 
and provide modest field confinement/enhancement. Here we demonstrate propagating SPhPs in a one-dimensional 
waveguide consisting of a nanotube (NT) and mid-IR light. The observed SPhP exhibits high field confinement 
and enhancement. We show the modal characteristics of the NT SPhP may be well controlled through the NT’s 
geometrical parameters, enabling mid-IR nanophotonic devices and applications.
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(PLASMO.28.03.2)   Seeing single proteins interact with small molecules and DNA with the double-nanohole 
in a metal film

Reuven Gordon*
Department of Electrical Engineering, University of Victoria, Victoria, B.C., Canada 

*rgordon@uvic.ca

We are using double-nanoholes to trap nanoparticles in the few nm range [1]. Recently, we have trapped 10 basepair 
DNA hairpins. Interestingly, these hairpins unzip in the trap due to the trapping force. By monitoring the unzipping 
time, we have been able to show that protein p53 suppresses unzipping with energy of 2 × 10-20 J, whereas a mutant 
form of p53 shows no suppression. This single-molecule free-solution label-free approach elucidates the functional 
role of p53, a protein which is mutated in over half the known cancers, in tumor suppression. We have also been able 
to distinguish different proteins and monitor protein – small molecule interactions with the trap. 

[1] Y. Pang, R. Gordon, Nano Letters, 12(1), 402-406 (2012).

(PLASMO.28.03.3)   Simulation of laser-induced thermal and plasma dynamics of gold nanoparticle dimers 
in hyperthermia therapy

Ali Hatef 1 and Michel Meunier 1

1 Laser Processing and Plasmonics Laboratory, Department of Engineering Physics, École Polytechnique de 
 Montréal Montréal, Québec, H3C 3A7, Canada.

Nanotechnology is rapidly developing as an enabling technology for introducing new highly performant theragnostic 
tools for biomedical applications. Recently, plasmonic nanostructures (PNs) have shown a great potential for providing 
an effective method for transferring foreign genetic material into mammalian cells. PNs present very peculiar optical 
properties related to the presence of collective excitation of electrons in the metal called plasmon. Irradiating PNs 
with a laser results in a local absorption and amplification of the electric field that initiate a series of phenomena on 
the nanoscale leading to highly localized heating and ablation.  Among these PNs the gold nanoparticles (AuNPs) 
have unique characteristics for meeting all of the requirements in biomedical applications such as photothermal 
ablation therapy, photoacoustic tomography, and light-controlled drug release.

Coupling AuNP pairs as dimers also offers a unique strategy to very large field enhancements in their gap region 
and around the nanostructure.  Interaction of ultrafast pulsed laser with AuNP dimers merges two remarkable fields 
in science of resent research. The strong electric field enhancement of the incident pulsed laser in and around the 
AuNP dimers attains the power of the pulse intensities so that a relatively weak pulse gets over the optical breakdown 
threshold and nonlinear absorption of the laser energy occurs in the vicinity of the particle. In this presentation we 
will present a model that will serve as a design tool for simulating femtosecond laser-induced thermal and plasma 
dynamics of AuNP dimers in aqueous medium. Time dependent temperature profiles as well as plasma density 
and energy can be calculated using a fully coupled partial differential equations describing electromagnetism and 
thermodynamic of the system. Discussion of the optimum of the distance gap, incident laser beam polarization and 
AuNP size for specific biomedical applications will be given. Our calculations show that proper control of AuNP 
dimmers parameters lead to achieve the same deposition energy on the AuNPs and plasma with mush smaller laser 
fluence in comparison to their AuNP monomer counterpart. For example, for a linear polarized pulsed laser filed 
with fluence of 200 mJ/cm¬2 and 45 fs pulse width the deposition energy on nucleated plasma around 100 nm AuNP 
monomer is around 23 mJ/cm2, however, for a AuNP dimmer with gap distance of 10 nm we are able to achieve the 
same amount of energy with the fluence of 25 mJ/cm2.
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(PLASMO.28.03.4)   Nanoplasmonic by Long Rang order Nanohole Arrays

Ahmadreza Hajiaboli1, Mojtaba Kahrizi2

1 McGill University, Department of Chemistry, ahmadreza.hajiaboli@mcgill.ca, 
2 Concordia University, Department of Electrical and Computer Engineering, mojtaba@ece.concordia.ca  

   Coupling of photons to the collective electron oscillations in surface of metals (i.e. surface plasmons resonance) 
makes it possible to concentrate, guide and transmit light beyond the sub-diffraction limits.  Long range order 
nanohole arrays are one of the nanoplasmonic structures which illustrates the plasmonic effect through an optical 
phenomenon called extraordinary optical transmission. Periodicity and geometrical parameter such as thickness 
and size and shape of the holes in these structures play a critical role in defining the features of  the transmitted 
spectrum. After a brief review of the latest achievements regarding the applications, fabrication methods and also 
optical properties of this structures, we are going to present two reproducible and tunable nanofabrication methods 
based on electron beam and nanosphere lithography. Optical properties and the sensitivity of the picks and dips of the 
transmitted spectrum with respect to the change of index of refraction of the surrounding medium are analysed using 
our simulations results. while the position of peaks and dips are both tunable depending on geometrical parameters 
of structures, it is shown that the shift of peak position is nonlinearly proportional to the periodicity of the structure 
unlike the position of dips which are are linearly shifting with respect to the period.

                                 (a)        (b)                   (c)

Figure 1. (a) Distribution of field passing through a hole with 100 nm diameter showing formation of plasmon 
antibody.  (b) and (c) are the final structure of the two fabrication: (b) is a bottom up approach leading to structures 
with hexagonal symmetry and (c) is an top down method with is more flexible and can even produce a square array 
of sub wavelength holes.  

(PLASMO.28.03.5)   Design and fabrication of plasmonic nanostructures for optical biosensing by nanoim-
print lithography

Andrew Kirk1, Ahmed Abumazwed1, Wakana Kubo2, Takao Tanaka2

1Department of Electrical and Computer Engineering, McGill University, Canada, 
 2 Metamaterials Laboratory, RIKEN Institute, Japan

Metallic nanostructures have shown great promise for affinity optical biosensing applications due to the high degree 
of field enhancement that can be achieved and due to the possibility of modifying the spectral response in comparison 
to a bulk metal films. However, these nanostructures also typically require high resolution lithographic fabrication 
techniques such as electron-beam lithography. Here we review recent progress in the use of nanoimprint lithography 
to create metallic nanostructures that can deliver comparable performance to lithographically defined structures. We 
will present the development of a two layer coating technique which results in three-dimensional metallic structures 
with features separated by just 100 nm and will describe its application to the fabrication of nanocylinder and 
nanocrescent structures. We will also consider other types of nanoimprinted plasmonic structures and compare the 
sensitivity of various geometries. Finally we will assess the possibility of using multispectral measurement techniques 
together with complex structures to differentiate between specific and non-specific binding.  
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(PLASMO.28.03.6)    Harmonic Generation in Graphene at Terahertz Frequencies: The Role of Interband and Intra-
band Dynamics

Ibraheem Al-Naib1, John E. Sipe2 and Marc M. Dignam1

1 Department of Physics, Engineering Physics and Astronomy, Queen’s University, Kingston K7L 3N6, Canada
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The unique electrical, mechanical, and optical properties of graphene have sparked a lot of attention and research in 
recent years and a wide variety of applications have been proposed. The zero-gap Dirac points as well as the linear 
electron band dispersion near the Dirac points represent key features of graphene [1,2]. The electrons and holes 
behave like massless “relativistic” particles, leading to a current density that depends nonlinearly on the incident 
field. Some earlier theoretical studies anticipated such a strong nonlinearity in graphene [3,4].

In this work, we present a theoretical model to treat the nonlinear interaction of terahertz electromagnetic waves 
with intrinsic graphene based on a density-matrix formalism in the length gauge. To produce strong interband and 
intraband response of the graphene, we consider intrinsic graphene, where the chemical potential is at Dirac point. 
We employ the length gauge rather than the commonly used velocity gauge because the latter one suffers from 
artificial divergences in the nonlinear response of semiconductors in a two-band model [5,6]. Our results show a 
strong interplay between the interband and intraband motion of the carriers leading in turn to not only a strong third 
harmonic at relatively low fields of hundreds V/cm, but also the generation of radiation up to the 11th harmonic.

[1] P. R. Wallace, Physical Review 71, 622-633 (1947)
[2] S. Das Sarma, S. Adam, E. H. Hwang, and E. Rossi, Reviews of Modern Physics
83, 407-470 (2011).
[3] S. A. Mikhailov, Microelectronics Journal 40, 712-715 (2009).
[4] K. L. Ishikawa, Physical Review B 82, 201402 (2010).
[5] C. Aversa and J. E. Sipe, Physical Review B 52, 14636-14645 (1995).
[6] K. S. Virk and J. E. Sipe, Physical Review B 76, 035213 (2007).

(PLASMO.28.10.1)    Surface plasmon enhanced optoelectronics

P. Berini 1,2,3
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 2 Department of Physics, University of Ottawa,  
3 Centre for Research in Photonics at the University of Ottawa

Metallic nanostructures such as dipole antennas [1] and sub-wavelength gratings [2] can be designed to operate 
effectively as a coupling structure for incident beams to surface plasmon polaritons (SPPs) propagating or resonating 
thereon. On a semiconductor, nanostructures such as these can act simultaneously as a device electrode while ensuring 
strong optical field overlap with the active region. Additionally, SPP fields can be confined to sub-wavelength 
dimensions and significantly enhanced relative to the exciting field. These features are very attractive for nano-scale 
optoelectronic devices such as photodetectors and modulators as the excitation of SPPs alters conventional trade-offs 
between responsivity and speed, or modulation and speed, respectively. This is due to the facts that sub-wavelength 
confinement enables the active region to be shrunk to nano-scale dimensions yet good optoelectronic performance 
can be maintained due to the SPP field enhancement. In this paper we discuss recent progress on surface plasmon 
enhanced photodetectors and modulators, and particularly, a recent proposal for a photodetector exhibiting THz 
electrical bandwidths [3] and a high-speed reflection modulator based on the carrier refraction effect [4].

[1] P. Bharadwaj, B. Deutsch and L. Novotny, “Optical antennas,” Adv. Opt. Photon., Vol. 1, pp. 438–483, 2009. 
[2] C. Chen and P. Berini, “Grating couplers for broadside input and output coupling of long-range surface plasmons,” Opt. 
Express, Vol. 18, pp. 8006-8018, 2010.
[3] S. Siadat Mousavi, A. Stöhr and P. Berini, “Plasmonic photodetector with terahertz electrical bandwidth,” submitted. 
[4] P. Berini and C. Chen, “Metal-insulator-semiconductor modulator and detector based on surface plasmon polaritons,” US 
provisional patent, filed 2013.
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(PLASMO.28.10.2)   Metal-Oxide-Silicon (MOS) Hybrid Plasmonic Devices

Vien Van
Department of Electrical and Computer Engineering

University of Alberta, Canada

Surface plasmon polaritons have gained widespread attention due to their ability to confine and guide light below the 
diffraction limit, thus offering the possibility of device integration on a scale comparable to nanoelectronics.  The 
implementation of plasmonic devices on a CMOS-compatible silicon platform is of particular interest from the point 
of view of achieving monolithic integration of photonics and electronics on the same chip.  A promising plasmonic 
waveguide structure that could help achieve this goal is the hybrid waveguide based on the metal-oxide-silicon 
(MOS) structure.  This type of waveguides has been shown to provide strong modal confinement with reasonably 
low propagation loss.  In addition, the inherent MOS junction in the waveguide provides a natural vehicle for 
achieving active plasmonic functionalities such as switching and modulation using the junction field effect.  This 
paper will give an overview of recent research progress on MOS hybrid plasmonic devices and discuss some of the 
active plasmonic functionalities that could be achieved with the MOS structure.

(PLASMO.28.10.3)   TiN-based plasmonic interconnects

Nathaniel Kinsey1, Marcello Ferrera1,2, Gururaj V. Naik1,3, Alex Kildishev1, Vladimir M. Shalaev1,  
and Alexandra Boltasseva1*

1Purdue University, 1205 West State Street, West Lafayette, Indiana 47907-2057 USA
2Heriot-Watt University, David Brewster Building, Edinburgh, Scotland EH14 4AS, UK

3Stanford University, 496 Lomita Mall, Durand Building, Stanford CA 94305 USA
*Alexandra Boltasseva, E-mail: aeb@ecn.purdue.edu

The technological advancement, which has produced the exponential improvement of electronic components 
performances for the last 50 years, will soon reach its limits. This is because the standard strategy of reducing cost, 
power consumption, and switching time of electronic modules via miniaturization cannot proceed indefinitely. The 
most promising alternative in order to overcome a potential global technological stagnation  is photonics, which 
provides a bandwidth several orders of magnitude higher than what is obtainable by electronics. However, the 
diffraction limit of light has prevented wide spread adoption of this technology for integrated devices. Even though 
efficient light “squeezing” has been accomplished using ultra-high effective index contrast structures, features below 
100nm are still extremely challenging. Recently, exploiting the coupling of photonic modes with the oscillations 
of the electronic plasma at the dielectric/metals interface has enabled deeply sub-wavelength mode confinement. 
As a result, plasmonic devices can achieve ultra-compact devices and ultra-fast processing speeds. However, 
obtaining acceptable ohmic losses in plasmonic interconnects is still a fundamental and unsolved issue at the center 
of very active research. Several layouts based on metal-insulator-metal (MIM) design, v-grooves, or more advanced 
structures have been recently reported which support ultra-tight modes profiles. Unfortunately, all these solutions 
are still affected by high propagation losses and most of them make use of noble metals which are not CMOS 
compatible. In this work, we report a low-loss (<0.79dB/mm) insulator-metal-insulator strip waveguide based on 
titanium nitride (TiN). The strip geometry is the fundamental back-bone of numerous integrated plasmonic modules 
such as modulators, splitters, Mach-Zehnder interferometers, etc and is therefore a key building block for CMOS-
compatible plasmonic/photonic chips. 
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(PLASMO.28.10.4)   Dynamic imaging of nanocavitation around plasmonic nanoparticles irradiated by an 
off-resonance femtosecond laser 

Christos Boutopoulos, Matthieu Fortin-Deschênes, Ali Hatef, Michel Meunier 
Laser Processing and Plasmonics Laboratory, Department of Engineering Physics, École Polytechnique de  

Montreal, CP. 6079 Succ. Centre-ville, Montreal, H3C 3A7 Quebec, Canada 

This unprecedented ability of plasmonic nanoparticles (NPs) to concentrate light to deep sub-wavelength volumes 
has propelled their use as nanolenses for nanocavitation in liquid. The latter plays a crucial role in laser nanosurgery 
applications such as cell transfection and cancer photothermal therapy1. In this context, we have studied plasmonic 
bubble (PB) dynamics, generated in liquid by off-resonance femtosecond (fs) laser excitation (λ =800 nm, τ = 50 fs) of 
Au plasmonic NPs. PB dynamics were investigated using a pump-probe shadowgraphic ultrafast imaging technique. 
The technique enabled dynamic tracking of successive PB generated by a single plasmonic NP with nanosecond 
(ns) temporal resolution and submicron spatial resolution. The laser fluence was systematically varied from 50 mJ/
cm2 to 400 mJ/cm2 to study the effect on the PB dynamics generated around 70 nm, 100 nm, 150 nm, and 200 nm 
Au NPs. Furthermore, in-situ dark field imaging has been employed to investigate the deformation threshold for the 
different plasmonic NPs. A clear dependence of both the PB generation and NP fragmentation thresholds on the NP 
size has been observed. As a result, an effective laser processing window has been defined, ranging from 70 mJ/cm2  
to 300 mJ/cm2, indicative of successive PB generation by intact NPs. The experimental results have been correlated 
with the simulation of the nano-lens effect, which involves near field enhancement and generation of a nanoscale 
plasma around the vicinity of the NPs. In conclusion, the appropriate selection of the NP size results in a decrease of 
the nanocavitation laser fluence threshold and prevents NP fragmentation for an extended laser processing window. 
The latter offers a key advantage for the development of optimized nanosurgery applications, involving the use of 
low laser energy dose and the elimination of any cytotoxicity effect due to the prevention of the NPs deformation.       

1. Boulais, E., Lachaine, R., Hatef, a. & Meunier, M. Plasmonics for pulsed-laser cell nanosurgery: Fundamentals and applications. 
J. Photochem. Photobiol. C Photochem. Rev. 17, 26–49 (2013). 

(PLASMO.28.15.1)   Novel Approaches for Designing Asymmetric Hybrid Plasmonic Structures

Amr S. Helmy and W. Ma
Department of Electrical and Computer Engineering, University of Toronto, Toronto,

Canada
*Corresponding author: a.helmy@utoronto.ca

In this work we consider an asymmetric hybrid plasmonic structure that is based on materials and dimensions 
conducive to their realization using conventional SOI technology amongst others. The proposed structure consists 
of two coupled hybrid plasmonic waveguides with a common metal layer. This structure is asymmetric due to 
permittivity differences between the cladding and substrate, but coupled modes such as the symmetric and anti-
symmetric modes in IMI waveguides can still be excited when the metal film is sufficiently thin. However, in this 
structure the additional high-index dielectric layers provide an extra degree of freedom in engineering the modes.
In this work we shall show that in an asymmetric structure consisting of two coupled hybrid plasmonic waveguides, 
with suitable optimization, the waveguide modes can alleviate significantly the loss-mode volume trade-off that is 
characteristic of this class of waveguides.
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(PLASMO.28.15.2)   Metasurface Synthesis for Optical Radiation Enhancement

Mohamed A. Salem1, Christophe Caloz1, Themos Kallos2 and George Palikaras2

1Poly-Grames Research Center, École Polytechnique de Montréal, Canada,  
2Metamaterial Technologies Inc., Canada

Enhancing the efficiency of optical sources by shaping their radiation pattern is becoming an essential requirement 
for advanced technological applications in the areas of communication, sensing and artificial lighting. To this end, 
optical metamaterial components offer unprecedented flexibility in controlling the optical radiation. Recently, thin 
metamaterial structures, named metasurfaces, are replacing bulky metamaterials as key enabling technologies in 
optical radiation control. Metasurfaces are superior to bulky metamaterials in terms of form factor, conformity, and 
weight, in addition to having lower power loss. Here, we present a metasurface synthesis approach for optical radiation 
enhancement where the synthesis method is formulated in terms of a momentum space boundary condition relating 
the optical source field to the desired radiation field. The obtained metasurface function describes the discretized 
local transmission coefficients (in terms of magnitude and phase), which may be used with a set of look-up maps 
to build the metasurface. This approach offers a direct, flexible and systematic way to synthesize metasurfaces for 
specific optical radiation enhancement and avoids the opaque and often cumbersome iterative or trial-and-error 
approaches. The following example demonstrates the synthesis of a flat reflection-less Fresnel lens with dimensions 
that converts an incident plane-wave into a focused spot at away from the lens.

                                      (a)                                                                              (b)
Figure 1 The synthesis of a reflection-less Fresnel lens. The real part of the transmission coefficient is show in (a) and 
the resulting focused spot away from the lens is shown in (b).
    

(PLASMO.28.15.3)   Optical orbital angular momentum generation using a half-integer topological charge 
plasmonic metasurface

Frédéric Bouchard1, Hammam Qassim1, Sebastian Schulz1, Israel De Leon1, Jeremy Upham1, Ebrahim Karimi1, and 
Robert W. Boyd 1,2,3

1Department of Physics, University of Ottawa, Canada
2Institute of Optics, University of Rochester, U.S.A.

3School of Physics and Astronomy, University of Glasgow, UK

Light beams can possess two rotational-like degrees of freedom: spin angular momentum (SAM) and orbital 
angular momentum (OAM) [1]. SAM is associated to the vectorial nature of light; circularly polarized light carries 
a quantized SAM of ±1 per photon in the unit of ħ [2]. In contrast, OAM is associated with phase structure of the 
optical beam; light with a helical phase-front of exp(iℓ𝜙) carries a quantized OAM of l per photon in the unit of ħ 
[3]. Although, these two optical degrees of freedom are independent, it is possible to couple the spin and orbital 
angular momenta by light-matter interaction through an inhomogeneous birefringent material [4]. We have recently 
shown that plasmonic nanostructures with a thickness much smaller than a wavelength can be wielded to transform 
circularly polarized light into light carrying OAM [5]. The metasurface encodes OAM on the light while flipping 
its SAM value. In our previous study the plasmonic nanostructures had a topological charge of one, so incident 
light with right (left) circular polarization yielded light that was left (right) circularly polarized and now carried an 
OAM value of +2 (-2). In this work, we generalise the design of our plasmonic nanostructure arrays to be capable of 
arbitrary integer or half-integer topological charges, making it possible to encode any OAM l value onto circularly 
polarized light. These ultra-thin OAM generators have the potential to be integrated into existing optical devices and 
thus enable OAM-based functionality in areas such as spectroscopy, nano-scale sensing and classical or quantum 
communications.

[1] L. Allen, S. M. Barnett and M. J. Padgett, Optical Angular Momentum (Bristol: Institute of Physics 2003).
[2] R. A. Beth, “Direct detection of the angular momentum of light,” Phys. Rev. 48, 471 (1935).
[3] A. Mair, A. Vaziri, G. Weihs and A. Zeilinger, “Entanglement of the orbital angular momentum states of photons,” Nature 
(London) 412, 313 (2001).
[4] L. Marrucci, E. Karimi, S. Slussarenko, B. Piccirillo, E. Santamato, E. Nagali and F. Sciarrino, “Spin-to-orbital conversion 
of the angular momentum of light and its classical and quantum applications” J. Opt. 13, 064001 (2011). 
[5] E. Karimi, S. A. Schulz, I. De Leon, H. Qassim, J. Upham, and R. W. Boyd, “Generating optical orbital angular momentum 
at visible wavelengths using a plasmonic metasurface”, Light Sci Appl in press (2014).
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(PLASMO.28.15.4)    Plasmonics and hybrid Plasmonics an Overview: Theory and Applications

Mo Mojahedi1

1Department of Electrical and Computer Engineering, University of Toronto, Canada

In recent years there has been a renewed interest in using metals at optical frequencies; a field of study commonly 
referred to as plasmonics in general, and surface plasmon (SP) in particular. In the case of SP, the electromagnetic 
(EM) field of an incident radiation is coupled to the oscillations of free charges on the surface of a metal which results 
in an EM surface wave tightly bounded to the surface of metal. An optical engineer then can use this tightly bounded 
SP-wave to design novel optical devices with mode sizes smaller than Abbe’s diffraction limit (<λo/2n). However, 
this mode size reduction and confinement comes at the price of increased propagation losses. Hybrid plasmonics – 
i.e. hybridization of the SP-wave and the TM mode of a dielectric waveguide – provides a solution to the contending 
effects of confinement and losses, by optimizing the mode size and propagation distances for a given application. At 
the same time, the hybridization leaves the TE mode of the dielectric waveguide unchanged, and hence within the 
same structure it provides the device designer with the possibility of polarization diversity: i.e., access to both TM 
and TE modes in the same device, but in different layers.

In this presentation I will review and discuss two distinct hybrid plasmonic platforms based on: i) metal-oxide-
semiconductor (MOS) capacitor, and ii) dielectric loaded metal, also known as plasmonic waveguide resonance 
(PWR) waveguide. I will show how these hybrid plasmonic platforms have led to novel, compact, efficient, and 
CMOS compatible devices such as polarizers, polarizations rotators, couplers, modulators, and sensors. I will also 
discuss how a PWR sensor can be used as a bulk or affinity sensor; and how the aforementioned polarization diversity 
can be used in the PWR affinity sensor to decouple the interfering surface and bulk effects. Time permitting I will 
expand the discussion to include multi-mode spectroscopy by utilizing, in part, the inherent polarization diversity of 
the hybrid plasmonic platform.

(PLASMO.28.15.5)   Gold-Silver Alloy plasmonics nanoparticles: physics, synthesis and applications  
in bio-imaging

Michel Meunier, David Rioux, Eric Bergeron and Sergiy Patskovsky
Department of Engineering Physics, École Polytechnique de Montréal, Montréal, Québec, Canada,

Many biological assays rely on the staining of cells or cell organelles with fluorophores for their identification by 
microscopy. However, these fluorophores suffer from photobleaching; thus limits their use in microscopy. Plasmonic 
nanoparticles (NPs) are not affected by photobleaching since their signal comes from light scattering rather than 
fluorescence. NPs have a good potential for use in various biomedical applications due to their good biocompatibility 
and unique plasmonic properties. One example is the use of NPs functionalized with antibodies as a specific surface 
receptor tag in the detection of cancer cells by microscopy or flow cytometry. Whereas these applications can be 
accomplished using pure Au or Ag NPs, Au-Ag alloy nanoparticless (ANPs) give the added benefit of providing a 
control over the plasmon peak position (the color of the scattering) by simply controlling the alloy composition [1]. 
This leads to the possibility of using ANPs of various compositions simultaneously, similarly to the use of multiple 
fluorophores in fluorescence microscopy. This enables the simultaneous detection of different surface receptors on a 
cellular sample, with the added benefit of using probes that do not photobleach. This multiplexing approach is very 
powerful for detection, identification, diagnosis and treatment of cells. These ANPs are synthesized by a proprietary 
method [2], and functionalized to target specific cell surface receptors. A microscopy system optimized for a high 
contrast detection of the scattered light from the ANPs enables their 3D localization and spectral identification within 
the sample [3,4]. This imaging system can be used for multiplexed cell detection and identification.

[1] D. Rioux, S. Vallières, S. Besner, P. Muñoz, E. Mazur, M. Meunier, “An Analytic Model for the Dielectric Function of Au, 
Ag, and their Alloys,” Advanced Optical Materials, 2, 2, 176-182 (2014).
[2] D. Rioux, M. Meunier, “Alloy Nanoparticles, Process for Their Preparation and Use Thereof,” USPTO 61945276, (2014).
[3] S. Patskovsky, E. Bergeron, D. Rioux, M. Meunier, “Wide-field hyperspectral 3D imaging of functionalized gold nanoparticles 
targeting cancer cells by reflected light microscopy,” submitted to Journal of Biophotonics, (2014).
[4] S. Patskovsky, E. Bergeron, D. Rioux, M. Simard, M. Meunier, “Hyperspectral reflected light microscopy of plasmonic Au/
Ag alloy nanoparticles incubated as multiplex chromatic biomarkers with cancer cells,” submitted to Journal of Biomedical 
Optics, (2014).
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(PLASMO.28.15.6)    Si-based nanoplasmonics and strong-field and nonlinear phenomena

Abdulhakem Elezzabi
Department of Electrical and Computer Engineering, University of Alberta, Edmonton, Alberta, T6G 2V4

In this investigation, we consider silicon-based plasmonic devices as a platform for high-non-linear field effects.  80 
nm wide Silicon-based plasmonic devices are fabricated on silicon-on-insulator (SOI) substrates using processing 
techniques that are largely CMOS compatible, allowing them to be integrated with electronic and silicon photonic 
devices. Here, we will demonstrate along with passive routing and ultrafast active switching, ponderomotive electron 
acceleration, avalanche electron multiplication, and third harmonic generation, and in a silicon-based plasmonic 
device platform.  In order to visualize the timescale of the nonlinear optical effects in the waveguides, we employ a 
pump-probe cross-phase modulation setup.  We demonstrate strong-field nonlinearities on these structures at pump 
powers of less than 1 mW and switching time scale of ~ 3ps.  

(PLASMO.28.15.7)   Plasmonic Heating and Temperature Sensing in the Terahertz Regime

Rafik Naccache,1 Anna Mazhorova, 1 Matteo Clerici, 1,2 Luca Razzari, 1 Fiorenzo Vetrone, 1 Roberto Morandotti1

1Institut National de la Recherche Scientifique – Énergie, Matériaux et Télécommunications, 1650 Lionel-Boulet, 
Varennes, QC, Canada, J3X 1S2

2School of Engineering and Physical Sciences, Heriot-Watt University, SUPA, Edinburgh,  
United Kingdom, EH14 4AS

The rapid ascent of nanoscience has garnered significant attention in recent years. Much of the interest generated 
has dealt with the use of nanoparticles in imaging and therapeutics. Of particular interest are the metal nanoparticles 
(MNPs), which show a surface plasmon resonance (SPR) following excitation with an appropriate irradiation source. 
An interesting by-product of the SPR is a localized temperature increase, which in an in vitro or in vivo setting can 
be used to heat the interstitial waters and induce hyperthermia in cells. In this work, we study the use of terahertz 
(THz) waves, for temperature sensing and imaging in vitro, given the sensitivity of the THz waves to changes in 
the absorption and refractive indices of water and other aqueous media. More specifically we investigate the case 
of a change in refractive index induced by the localized heating via plasmonic nanostructures. These plasmonic 
nanostructures, namely gold nanorods (GNRs), were prepared using conventional a bottom up seed-mediated 
growth. A linear relationship was observed on heating aqueous media and measuring the change in the amplitude of 
the terahertz reflection. Plasmonic heating was also successfully correlated to the temperature calibration curve we 
developed. Finally, we successfully applied plasmonic heating to a skin model and demonstrated the capacity to map 
the injected skin, even under excitation power densities as low as 0.3 W/cm2 (Fig 1).
   

Figure 1. THz reflection signal intensity in the mapped skin sample (following GNR injection) and plasmonic heating 
at (a) 0 W/cm2, (b) 0.4 W/cm2 and (c) subtraction of (b) and (a). Axis on the right reflects the intensity scale.
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(PLASMO.28.15.8)   Chiral Surface Plasmon Polaritons and Their Application for Chirality Detection

Guangcan Mi1 and Vien Van1

1Department of Electrical and Computer Engineering, 
University of Alberta, Edmonton, Alberta, Canada

Chirality, the stereoscopic property of a molecule having non-superimposable mirror images, strongly influences the 
molecule’s biochemical functionalities.  Detection of chirality is important for the identification of enantiometry of 
proteins, enantiomer purity test, and concentration measurement of chiral substances, all which are of great interest 
in the areas of pharmaceutical research, food industry and general biochemical analysis.  The standard method 
for characterizing chiral compounds is circular dichroism spectroscopy, which is prone to extremely weak signals 
and hence often requires sophisticated optical setups. Recently it has been shown that circular diochroism from 
chiral molecules can be enhanced by surface plasmon resonances if the chiral molecules are attached to metallic 
nanoparticles.  However, the use of surface plasmon (SP) waves at an interface between a metal and a chiral medium 
has not been investigated for chirality detection.

In this paper we investigate the characteristics of surface plasmon polaritons (SPPs) at a chiral-metal interface for 
chiral sensing applications. We show that unlike conventional SP waves at a dielectric-metal interface, chiral SPPs 
are elliptically polarized, consisting of both TE and TM components due to the coupling of electric and magnetic 
fields in the chiral medium.  The degree of TE/TM hybridization depends on the chirality parameter, with the TE 
component becoming dominant for stronger chirality.  A consequence of this property is that chiral SPPs exhibit a 
cut-off condition in terms of either the chirality strength or frequency, which occurs when enough power is transferred 
to the TE polarization so that the SP wave is no longer bounded to the metal surface.  Near the cut-off frequency the 
propagation loss of the chiral SPPs decreases drastically with increasing chiral parameter and this behavior can be 
used for on-chip chiral sensing and enantiometric detection.  The increase in the propagation length of the SPPs near 
cut-off also suggests a way for mitigating loss in plasmonic devices.

(PLASMO.29.P.50.75)    Effect of symmetry breaking on the optical properties of supported silver  
nanoparticles in different surrounding media

Mohammed Alsawafta, Mamoun Wahbeh, Vo-Van Truong 
Department of Physics, Concordia University, Montréal, Québec, Canada H4B 1R6

The effect of substrate on absorption spectra of silver nanoparticles of sphere-like shapes is investigated. Silver 
nanoparticles of broken spherical symmetry are placed on substrates of different dielectric functions at various 
contact angles (α). The absorption efficiency of the supported nanoparticles is calculated by using the Discrete Dipole 
Approximation (DDA) method. Increasing the value of α and, hence the contact area of the supported nanoparticles, 
results in an inhomogeneous distribution of the polarization charges over the nanoparticle-substrate system. This 
leads to the excitation of plasmonic bands of different characters (dipolar and quadrupole modes). The admixture of 
both dipolar and quadrupole modes is found to be more pronounced when a nanoparticle with highest contact area 
(α = 90o, hemispherical shape) is considered. The band position of the Longitudinal Mode (LM) is red-shifted with 
α, while the resonance wavelength of the Transverse Mode (TM) is blue-shifted. In an air environment where the 
nanoparticles are embedded, the resonance wavelength corresponding to the absorption spectra is red-shifted with 
the refractive index of the underlying substrate (ns). The sensitivity of the peak position of the absorption plasmonic 
band to the refractive index of the surrounding medium (nm) is also investigated. Two scenarios are considered: 
either ns is greater or smaller than nm. In both cases, the resonance wavelength of both the plasmonic (LM and 
TM) bands is linearly dependent upon nm. The surface plasmon modes show a higher sensitivity to the change of the 
dielectric properties of the ambient materials when ns< nm. This can be explained by the decrease in the depolarization 
factors. The thickness of the substrate is found to have an insignificant effect on the optical response of the silver 
nanoparticles of spherical shape, while the effect is more pronounced when the nanoparticles of reduced symmetry 
are considered. The main dipolar band is blue- shifted and is accompanied by an enhanced absorption amplitude as 
the thickness of the substrate decreases.
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(PLASMO.29.P.50.76)   Propagation analysis of two dimensional optical waves

A. Luis-Ramos, L.C. Gómez-Pavón, J.M. Muñoz-Pacheco, R. Parada-Alfonso*, O. Félix-Beltrán ,  
N.E. González-Sierra

Facultad de Ciencias de la Electrónica, Benemérita Universidad Autónoma de Puebla, Puebla,  
Pue., 72570, México

*ESIME Zac.-SEPI, Depto. De Telecomunicaciones, Instituto Politécnico Nacional México D. F
email: arnulfo.luis@correo.buap.mx

The smallest diameter of an optical beam is of the order of the wavelength due to diffraction even in a waveguide. 
Having a way to decrease the smallest beam diameter without a diffractive limit, it is a contribution to enabled 
device and optical measurements in the nanometer range. Two-dimension (2D) optical waves can be very useful 
to create nano-waveguides which could be used in the fabrication of optical circuits with nanometer-scale devices, 
which are needed to satisfy the increasing demand for capacity of the optical communication industry. Another 
important potential application of 2D optical waveguides in future, could be as a high-efficiency optical test with 
high resolution. In this work, we present a theoretical and computational analysis of two dimensional optical waves 
propagation using computational support (LUMERICAL). Furthermore, we laid the basis to study for more complex 
structures.

(PLASMO.29.P.50.77)   Release of fluorescent molecules from hollow gold nanoshells by femtosecond laser 
for intracellular delivery: application to atherosclerosis

Alexandra Thibeault-Eybalin1,3, Ali Hatef2, Mathieu Bédard4, Éric Rhéaume3, Ashok Kakkar4, Frédéric Lesage1,3 
and Michel Meunier2

1 Department of Biomedical Engineering, École Polytechnique de Montréal, Canada
2  Department of Engineering Physics, École Polytechnique de Montréal, Canada

3 Research Centre of Montreal Heart Institute, Canada
4 Department of Chemistry, McGill University, Canada

Atherosclerosis is a chronic cardiovascular disease characterized by arteries obstruction due to the formation of fatty 
plaques. Unstable atherosclerotic plaques are mostly discovered during clinical events, such as stroke and myocardial 
infarction, thus the importance of developing new techniques for early detection and preventive treatment. Recently, 
the silencing of MiR-33, a microRNA regulating reverse cholesterol transport, has been identified as a potential 
candidate for atherosclerosis gene therapy. However, clinical applications are limited by the lack of mechanisms for 
safe and targeted intracellular delivery. Our goal is to develop and validate in vitro a delivery system based on hollow 
gold nanoshells (AuNS) enabling spatiotemporal control using a near infrared (NIR ) pulsed laser for optical release 
of a fluorescent cargo. Before validating the system in bEnd.3 cells overexpressing vascular cell adhesion molecule-1 
(VCAM -1), AuNS were conjugated with fluorescein isothiocyanate (FITC) and 5kDa polyethylene glycol (PEG). 
Then, we irradiated them at different fluences with the femtosecond laser. The absorption spectrum was measured 
to quantify the effect of laser on the AuNS structure. The fluorescence of the AuNS solutions was measured to 
quantify the optical release of FITC. The fluorescent signal increased for laser fluences between 0.5 and 1.5 mJ/cm2 
whereas a drastic change in the plasmonic absorption peak was observed above 2.5mJ/cm2, which corresponds to 
the irreversible collapsing of AuNS. The controlled increase in fluorescence, without affecting the integrity of AuNS, 
makes the use of a femtosecond NIR laser a safe and effective method for the release of molecules from plasmonic 
AuNS, which has great potential for future detection and gene therapy of atherosclerosis.
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(SENSORS.29.20.1)   Commercial Multiplexed Biosensor Platform based on
Silicon Photonics Ring Resonators

Cary Gunn

(SENSORS.29.20.2)   Controlled analyte concentration and flow-through transport using optofluidic  
nanostructures

Carlos Escobedo
Department of Chemical Engineering, Queen’s University, Kingston, ON, Canada

Optofluidics have recently emerged from the unification of optics and microfluidics. Nanostructures capable to serve 
simultaneously as optical sensing elements and as small-scale fluidic conduits are part of the widespread and diverse 
set of optofluidic technologies developed to date. Particularly, the operation of metallic nanohole arrays in flow-
through mode has allowed the emergence of new sensing schemes combining the strengths of nanoplasmonics 
and nanoconfined mass transport. The availability of analyte in the test fluid, on the other hand, imposes an 
operational limitation that reduces the applicability of the technology to important diagnostic applications. Recently, 
a methodology that takes advantage of the physical and electric properties of flow-through nanohole arrays has 
been employed to concentrate electrically charged analyte to overcome the limitation levied by analyte scarcity. 
This method, referred to as optofluidic concentration, exploits the electrical nature of the nanostructure to create a 
preferential distribution of the ions contained in the fluid. Under an externally applied pressure bias, the analyte in the 
fluid concentrates within the active sensing region of the nanostructure, where it can be detected via surface plasmon 
resonance. The resulting analyte enrichment depends on the intensity, duration and polarity of the applied voltage 
to the fluid. Here, we demonstrate the controlled enrichment and the dependency of the final analyte concentration 
on the intensity and duration of the applied voltage. Additionally, by reverting the polarity of the applied field, we 
demonstrate that the enriched plug of analyte can be reversibly transported through the nanostructures to effectively 
reach the active sensing surface of the nanoholes.
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(SENSORS.29.20.3)   A LRET-Based Nucleic Acid Hybridization Assay on Cellulose Paper Using  
Upconverting Phosphor as Donors

Feng Zhou, Ulrich J. Krull*
Chemical Sensors Group, Department of Chemical and Physical Sciences, University of Toronto Mississauga, 

3359 Mississauga Road North, Mississauga Ontario, L5L 1C6, Canada

Paper-based assays offer a promising format for gene fragment detection by hybridization that may be suited for 
environmental and point-of-care diagnostic applications. In striving to improve detection limits, we introduce for the 
first time a Luminescence Resonance Energy Transfer (LRET) optical system based on upconversion nanoparticles 
(UCPs) that can be used to develop a paper-based DNA hybridization assay. UCPs were synthesized to have 
intense emission as a green color when using near-infrared (NIR) excitation. These UCPs were functionalized with 
streptavidin (UCP-Strep). Cellulose paper was used as an immobilization substrate for the UCP-Strep nanoparticles. 
After the immobilization, biotinylated single-stranded oligonucleotide probes were introduced and streptavidin-biotin 
conjugation proceeded. The green emission of the UCPs was paired with spectral absorption of Cy3 labeled target 
DNA, representing a donor-acceptor pair that could provide for LRET. Hybridization of the probe oligonucleotides 
with single-stranded target in solution brought the Cy3 into proximity for LRET. Emission intensity in the Cy3 optical 
channel provided for quantification of the extent of hybridization. The optical signal reached a stable maximum 
intensity within 2 minutes. The detection limit of 34 fmol was a significant improvement in comparison to that 
of analogous experiments using Fluorescence Resonance Energy Transfer (FRET) with quantum dots as donors. 
Examination of interferences indicated excellent resistance to non-specific adsorption of protein, and also to non-
complementary nucleic acid strands of various lengths. Evaluation of assay selectivity indicated that a signal ratio of 
3.1:1 was achieved between fully complementary target and targets that contained a one-base mismatch. 

(SENSORS.29.20.4)   Detection of Prostate Cancer Biomarker in Crude Serum by SPR 

Julien Breault-Turcot1, Hugo-Pierre Poirier Richard1, Jean-Francois Masson1

1Department of Chemistry, Université de Montréal,  Canada

Biofouling of proteins contained in complex biological fluid can generate an important nonspecific signal for label-
free analytical technique such as surface plasmon resonance (SPR). Nonspecific adsorption can be reduced in SPR by 
using an appropriate self-assembled monolayer (SAM) covering the metallic surface. Peptide SAMs had previously 
shown to decrease the nonspecific adsorption of proteins to approximately 10 ng/cm2. The peptide SAM use in this 
research is 3-MPA-HHHDD-OH, which structure provides on one extremity a thiol that can be linked to the gold 
surface and several COOH at the other extremity of the molecule, which was suited to immobilize a molecular 
receptor on the surface. This SAM provides an excellent platform for biosensing directly in crude biological fluids. 
Another innovation involves the use of a micropatterned Au film instead of the continuous Au film generally used 
in SPR. A microhole array with a periodicity of 3.2 um and a diameter of 1.6 um has showed increased sensitivity to 
bulk refractive index and binding event on sensor. This new combination of surface chemistry/plasmonic material 
has been used extensively for IgG detection in buffer but also at pM level directly in crude bovine serum. Prostate 
specific antigen (PSA), a biomarker used for the diagnosis of prostate cancer, was then studied by using the plasmonic 
material/surface chemistry combination. Since PSA is a smaller protein than IgG, a secondary antibody was use in 
order to obtain a detection limit sufficiently low for analysis of sample that contain that protein at the pM level.

In order to couple SPR with fluorescence, the instrumentation previously used will be slightly modified. The SPR 
instrument was fitted with a module to capture fluorescence. The assay developed for PSA will be modified in order 
to allow monitoring by both SPR and fluorescence. In this case, the secondary antibody used will be tagged with a 
Fab fragment that is fluorescent. For this test, the microhole array that gives an increased SPR shift and an improved 
fluorescent emission will be used. Since the test developed could ultimately be used for analysis of clinical samples, 
the used of two detection technique will provide a better confidence in the results obtain and a reduction of the false 
positive rate.
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(SENSORS.29.20.5)   Development of a Long-Gauge Distributed Vibration Sensor

Peter Kung1 and Maria I. Comanici2

1QPS Photronics, Canada,  
2 McGill University, Canada

Recently, we found that by terminating a long length of fiber of up to several kilometers with an in-fiber cavity 
structure (VibroFibre), the entire fiber can detect vibrations over a frequency range from 5 Hz to 100 Hz. We want 
to optimize the structure (including packaging) to detect vibrations at even higher frequencies. Long-gauge sensing 
is caused by disturbance of a fiber placed inside a 900 um air-filled Teflon tube, and adding Propylene Glycol lowers 
the upper limit of the frequency response. Owing to mechanical effects, the fiber, which is free to move during 
vibration, cannot support high frequency acoustic signals like those generated by Partial Discharges (PD). Therefore, 
for now, the long-gauge VibroFibre can be used as distributed sensor on large industrial motors and machines to 
capture the entire frequency spectrum of the associated vibration signals, including bearing rub signals. This way 
we can replace the many accelerometers typically used and adding to the maintenance cost. The long-gauge effect 
seems to be related to inference between multiple reflections within the optical path of the sensing structure. The first 
reflection comes from the distributed feedback (DFB) laser which is connected to a coupler by means of a FC/APC 
connector, and a second reflection is provided by the terminating reflector (VibroFibre). The long-gauge vibration 
sensing can also be obtained by terminating the fiber with a flat end (an FC/PC connector), although the effect is 
slightly weaker. To confirm that the long-gauge effect is caused by interference between multiple reflections, the 
dependence of sensitivity on the coherence length of the DFB was investigated. As such, for fiber longer than 1 km, 
the long-gauge effect became lower. Also, introducing a broadening of the laser linewidth by dithering (modulation 
of the laser drive current at 12 MHz) reduces the long-gauge effect by 15 dB. Consequently, for condition monitoring 
applications, we must eliminate linewidth broadening (i.e., no dithering), and the optical cable must be secured 
tightly in the path. For comparison, the user will be able to turn dithering on or off. Without dithering, although the 
time domain signal is distorted by very low frequency disturbance around 1 Hz (also known as cable noise), the 
long-gauge sensor signals are clear in the spectral domain, and the peak-to-peak amplitude can be derived by signal 
processing of the time domain signals.

(SENSORS.29.20.6)   Fiber optic sensing with fiber lasers
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Condition monitoring is an essential function in numerous fields, from structural engineering to environmental 
engineering to power engineering. Fiber optic sensors are well suited for condition monitoring as they provide 
immunity to EM/RF interference and can operate under harsh conditions such as high temperature or highly toxic 
and corrosive environments (these features are especially important for condition monitoring in power generation, 
delivery, and transmission systems). The market for fiber optic sensing systems and solutions is projected to reach 
$4 billion by 2017, and fiber Bragg gratings (FBGs) and fiber lasers will have important roles. In this paper, we 
present an overview of our recent work on developing two different types of fiber lasers for very different sensing 
applications.  

First, we investigate all-fiber distributed Bragg reflector (DBR) lasers for detecting strain and acoustic waves.  In 
particular, we show that the lasing wavelengths shift with applied strain with sensitivities similar to conventional 
FBG sensors. We then demonstrate that the DBR sensors can be used to detect and locate acoustic waves.  Second, we 
present results on developing multi-band and multi-wavelength fiber lasers for single pass absorption measurements 
for detecting water in acetone.  The Tm-doped ZBLAN fiber laser emits at three wavelengths:  1460 nm, 1505 
nm, and 1875 nm.  The measured absorption at the three wavelengths depends on the concentration of water in an 
acetone solution; differential absorption measurements can also be used to increase the accuracy of detecting low 
concentrations.  We compare our results with those obtained using a conventional spectrometer.  More generally, the 
output wavelength can be tuned to different absorption bands of the material of interest.
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(SENSORS.29.27.1)   Whispering Gallery Microcavity Sensing
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Ultra high quality factors and small mode volumes makes whispering gallery microcavities suitable candidates for 
ultra high resolution nanosensing. With the combination of plasmonic nano-antennas, single molecule sensitivity has 
been reached. Here we review our progresses on microcavity sensor researches in collaboration with other groups. 
On the experiment side, we detected single nano particles by monitoring the sudden changes of the resonance 
wavelength and mode splitting of a passive whispering gallery microcavity with quality factor exceeding one 
hundred million in an aqueous environment. With the help of a fiber based Mach-Zehnder interferometer to suppress 
the probe laser jitter noise, the detection noise floor of a silica microtoroid nano sensor was reduced to around 100 
kHz. With such setup single 12.5-nm-radius polystyrene beads was detected.   Our research has further shown that 
the mode splitting sensing, a self-referenced sensing technique, can reach a signal-to-noise ratio similar to that of 
the reference interferometer technique. The silica microtoroid was later doped by Ytterbium to be functionalized as 
a microlaser whose lasing mode also displayed frequency splitting. The kilohertz-linewidth of the microlaser mode 
splitting further enabled us to detect a single molecule diluted in liquid solution. In a recent research, we quivered 
an ultra-high Q microcavity with optical gradient force in an aqueous environment. The demonstrated coherent 
regenerative optomechanical oscillation in an aqueous environment displayed a threshold optical power as low as 1 
mW. This paved the path for optomechanical sensing.

Numerically, the three-dimensional, full vector mode matching method, beam propagation method and boundary 
element method have been adapted by our group to the modelling of whispering gallery sensing. With these tools, 
microcavities as large several millimeters in size were modelled.

(SENSORS.29.27.2)    Optimally combining wavelength and quality factor information for sensing in whis-
pering gallery mode optical microcavities

Andrew Kirk1 and Imran Cheema2
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The long photon lifetime of whispering gallery mode (WGM) microcavities makes them an excellent candidate for 
sensing applications, and in recent years they have been used by several researchers around the world to detect very 
low concentrations of biological and chemical molecules. To date most measurement approaches have focused on 
the detection of the shift of the resonant wavelength as molecules bind to the surface. However, the quality factor of 
the resonator is also modified as a result of the binding event. We have recently shown that phase shift cavity ring 
down spectroscopy (PSCRDS) can be used to measure both the quality factor and the wavelength shift of WGM 
microcavities and we have applied this method to biological sensing using toroidal microcavities. 

One significant advantage of cavity ring down spectroscopy is that it brings a high level of noise immunity. This has 
motivated us to investigate the signal to noise ratio (SNR) for microcavity measurements. It has often been assumed 
by previous researchers that one should seek to use the highest possible quality factor in order to maximise sensing 
performance. However, we show via simulation and via experiment that in the case of refractometric sensing, the 
maximum SNR is not obtained at the maximum value of quality factor, and that as a result there is an optimum value 
of quality factor which will translate into the best sensing performance. For micotoroids this suggests that there is an 
optimum dimension for maximum performance. We will explain the physics which underlies this result. 
It is also interesting to consider whether an improved measurement performance can be obtained by combining 
quality factor sensing and wavelength sensing. By applying estimation theory to the WGM sensor system we show 
that there are indeed regimes at which an improved accuracy can be obtained by using a weighted combination of 
these two measurement channels. 
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Hazardous organic compounds, such as herbicides (2,4-D, MCPA) and industrial process chemicals (phenol, 
aldehydes, ethylene glycol), once introduced into source waters from farm run-off or waste disposal, cannot be 
efficiently removed by conventional treatment methods, thus posing a threat to the safety of drinking water supplies. 
Current lab tests for organics by expensive chromatography are time and labour consuming, limiting their applicability 
for rural areas with limited resources. Some online instruments also have inherent shortcomings: total organic carbon 
(TOC) and UV254 both lack specificity and fail to detect organic chemicals at low ppb concentration levels, while 
UV254 only responds to a limited variety of organic chemicals.

AUG Signals recently developed a portable photonic sensor to identify organic chemicals in water based on full 
absorption spectral analysis. Detection and discrimination between 2,4-D and MCPA with similar structures can 
achieve >95% accuracy at ppb level in tap water. In addition, simultaneous classification and quantification of organics 
in mixtures by using support vector machine (SVM) learning and partial least squares (PLS) regression methods 
demonstrated >95% accuracy in differentiation with no greater than 36% error in concentration measurement for 2,4-
D and phenol at as low as 0.2 ppb in tap water (see figure). This sensor can automatically finish one sample analysis 
in minutes, which is suitable for continuous use or for rapid water inspections in remote areas.
 

(SENSORS.29.27.4)   Interferometric Refractometer Analysis of Solvent Uptake within Thin-Films
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An inexpensive lab built refractometer was used to study refractive index and swelling changes within thin polymer 
films. The refractometer uses a diode laser at 1550 nm, a telescoping beam expander and a series of optical 
components to focus light from a range of incident angles onto a prism-film interface. The light reflected from total 
internal reflection within the prism is collected using a phosphor coated CCD camera to measure the refractive 
index of the film at the interface. An interference effect is also observed for thin films where some of the light is 
reflected off the top surface of the film and interferes with light reflected at the prism-film interface. This thin-film 
interference is interpreted using Fourier transform analysis to extract the average RI and thickness of the film. These 
parameters offer a wealth of data and allow for calculation of the diffusion coefficients and the partition coefficients 
of molecules within polymer materials. For example, SU-8 photoresist has been exposed to a variety of liquid 
solvents where swelling and refractive index changes have been observed. The diffusion coefficients are calculated 
from the interface refractive index and average film refractive index change over time. In a second application, 
polymers of polydimethylsiloxane (PDMS) and polydiphenylsiloxane doped polydimethylsiloxane (PDPS-PDMS) 
are exposed to vapours from a range of different solvents. Using the RI and thickness data, the partition coefficients 
and diffusion coefficients are calculated. We show the versatility of our lab-built refractometer showing both liquid 
and gas phase sensing platforms.



322 323
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We investigate the reusability of gold nanohole arrays employed as extraordinary optical transmission (EOT) surface 
plasmon resonance (SPR) sensors. Although, there is a wealth of information on the preparation of gold films for 
biological sensing applications, SAM studies, or microelectronic applications, the majority of these studies involved 
micron-scale gold features. The effect of many of the commonly used preparation methods on delicate nanometer 
scale structures is, to our knowledge, largely undocumented. We report the optical sensitivity, physical structure, 
and surface contamination levels of nanohole arrays before and after multiple cycles of monolayer adsorption and 
removal with various wet chemical (sulphochromic acid, piranha, or ammonium hydroxide: hydrogen peroxide) and 
dry oxygen plasma etchants. While these oxidative chemical and plasma etches are effective at removing organic 
monolayers and other contaminants, they cause varying degrees of irreparable damage to the gold nanostructures. 
We observed decreases in the arrays’ optical sensitivities via changes in the shapes and positions of their surface 
plasmon resonance peaks. We found the optimum recycling process was a room temperature, aqueous ammonium 
hydroxide: hydrogen peroxide treatment (15 minutes) commonly referred to as Radio Corporation of America Clean 
1 (RCA1), followed by immersion in dilute nitric acid (0.1 M, 30 min). This method was effective at removing an 
alkanethiol self-assembled monolayer (SAM) of 11-mercaptoundecanoic acid (11-MUA); after six recycles, no loss 
in optical sensitivity was detected with minimal changes in the gold film thickness (-10%), hole area (-10%), and 
hole circularity (+6%). 

(SENSORS.29.27.6)   Femtosecond laser induced fibre Bragg gratings for harsh environment sensing  
applications 

S.J. Mihailov, D. Grobnic, R.B. Walker, P. Lu and H. Ding
National Research Council of Canada, Security and Disruptive Technologies, 100 Sussex Dr.  

Ottawa, Ontario, Canada

Fibre Bragg grating sensors have been developed beyond a laboratory curiosity to become a mainstream sensing 
technology because of their small size, passive nature, immunity to electromagnetic interference, and capability 
to simultaneously measure multiple physical parameters such as temperature,  strain and pressure. Recently, high 
temperature stable gratings based on regeneration techniques and femtosecond infrared laser processing have shown 
promise for use in extreme environments such as high temperature, pressure or ionizing radiation. Such gratings 
are ideally suited for energy production applications where there is a requirement for advanced energy system 
instrumentation and controls that are operable in harsh environments. This presentation will give a review of some 
of the more recent developments. 
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In the last two decades we have witnessed a tremendous effort towards development of optical biosensors. Label-
free optical biosensors enable direct observation of molecular interaction in real time and rapid, sensitive and label-
free detection of chemical and biological species. Optical biosensors based on surface plasmons represent the most 
advanced and mature optical label-free biosensor technology.

This paper reviews recent advances in the development of optical label-free biosensors based on surface plasmons. 
These include advances in the method, optical instrumentation, microfluidics, functionalization and detection 
methodology. Examples of bioanalytical applications illustrating performance and potential of plasmonic biosensors 
in areas such as medical diagnostics, environmental monitoring, and food safety are also presented.

(SENSORS.29.32.2)   Strategies for leukemia detection using long-range surface plasmon-polaritons
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The suitability and use of long-range surface plasmon-polaritons for biological and biochemical sensing is discussed. 
Emphasis is placed on sensors integrating metal stripe waveguides with microfluidic channels in straight [1] and 
Mach-Zehnder interferometer [2] geometries. Thiol-based chemistries or protein G, and antibodies, are used to 
render Au stripes selective to the target analyte. The sensing platform is capable of detecting analyte of mass within 
a very large range (from cells to proteins) with very competitive sensitivity and detection limit, as demonstrated in 
the selective detection human red blood cells [3] and of Dengue antibodies in patient plasma [4]. In this paper we 
review application to analyte detection in blood products, particularly ongoing work on the detection of leukemia in 
patient serum.

[1] Krupin, O., Asiri, H., Wang, C., Tait, R. N., Berini, P., “Biosensing using straight long-range surface plasmon waveguides,” 
Optics Express, Vol. 21, pp. 698-709, 2013
[2] Khan, A., Krupin, O., Lisicka-Skrzek, E., Berini, P., “Mach-Zehnder refractometric sensor using long-range surface plasmon 
waveguides,” Applied Physics Letters, Vol. 103, 111108, 2013
[3] Krupin, O., Wang, C., Berini, P., “Selective capture of human red blood cells based on blood group using long-range surface 
plasmon waveguides,” Biosensors and Bioelectronics, Vol. 53, pp. 117-122, 2014
[4] Wong, W. R., Krupin, O., Devi Sekaran, S., Mahamd Adikan, F. R., and Berini, P., “Serological diagnosis of dengue infection 
in blood plasma using long-range surface plasmon waveguides,” Analytical Chemistry, Vol. 86, pp. 1735-1743, 2014
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Nanoengineered III–V semiconductor heterostructures provide conditions potentially attractive for photonic detection 
of electric charge carrying adsorbates. The principle of this approach is based on monitoring the photoluminescence 
effect that is known to be sensitive to the surface state of the semiconductor material. I will review the results 
of experiments we have carried out to explore the photoluminescence effect of GaAs/AlGaAs microstructures for 
detection of bacteria immobilized on their surfaces. By employing optimized antibody binding architectures, we 
have already demonstrated detection of Escherichia coli bacteria at 103 CFU/mL. The goal of our research is to 
significantly improve the limit of this detection. I will discus perspectives of achieving this goal and developing a 
technology for automated and quasi-continuous detection of bacteria over an extended period of time.
  

(SENSORS.29.32.4)     In vivo Four-Wave Mixing Microscopies of Carotenoids in Microalgae
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We investigate the bioaccumulation of the carotenoid astaxanthin in the microalgae haematococcus pluvialis 
throughout its lifecycle using hyperspectral coherent anti-Stokes Raman scattering (CARS) and four-wave mixing 
microscopies (FWM) with concurrently collected two-photon excited fluorescence (TPEF). We find that astaxanthin 
displays a significant signal enhancement in the fingerprint (900-1900 cm-1) spectral region in CARS, estimated to 
be ~104 greater than from pure lipids on a per molecule basis. This allows for images (and movies) to be acquired 
in vivo, with background-free CARS spectra from carotenoid concentrations as low as 2 mM. In addition to CARS 
signals, astaxanthin also produces a strong non-vibrationally-resonant FWM response that we use to monitor algae 
in various stages of development along with TPEF to track intracellular chlorophyll content. Despite the tremendous 
signal strength of both the CARS and FWM, we show that direct electronic resonance enhancement is unlikely, 
and instead that the enhancement is due to some unusual characteristics of this class of molecules. This research 
has direct industrial applications to improving the bioaccumulation of carotenoids in microalgae as well as for 
carotenoid-based drug monitoring and delivery.
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(SENSORS.29.32.5)    Optimisation of Visible Light Diffraction in Tilted Fibre Bragg Gratings
 

Milad Abou Dakka
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We present an analysis on the visible diffraction patterns of Tilted Fiber Bragg Gratings (TFBG), with applications 
to blue-laser fiber sensors.  On the basis of our current understanding of a visible diffraction phenomenon called 
sidetapping, or outtapping, we compare theoretical predictions with experimental results.  The diffraction of blue 
light in particular is exploited to gain insight on specialized fiber nano-coatings used in biochemical sensors.
To start we review the existing theories of TFBG diffraction in the visible spectrum, including Volume Current Method 
and Coupled Mode analysis.  Generally, depending on the wavelength and other factors there may be numerous or no 
escape paths.  The specific angles of these escape paths with respect to the fiber axis, called longitudinal angle, are 
determined by theoretical phase-matching conditions related to the incoming beam wavelength.  

In order to validate our own apparatus against these predictions we obtain empirical observations of diffraction 
angles.  A 1550nm-TFBG is connected to a Coherent Spectrum-70C laser source and measurements are taken 
for several wavelengths including red (647.1nm), yellow (568.2nm), green (514.5nm), blue (488.0nm) and violet 
(457.9nm) to show that our results are in definite agreement with theory.  There are other variables that affect and 
govern this diffraction behaviour so a comprehensive parameter study is used to relate the input variables to output 
variables.  Output variables are power and angles of escape of each radiating diffraction order, and input variables 
are the type of fiber used, fabrication style, grating pitch, grating tilt, and wavelength.  

With information gathered from the input-output analysis, we continue by studying blue light diffraction.  The 
sensitivities of devices with different blue escape paths are compared to show how or whether the escape path can 
enhance the properties of a blue-light TFBG sensor. 

We are highly encouraged by the positive research potential of blue-light TFBG technology.

(SENSORS.29.32.6)    Analysis of Mode Transitions in a Long-Period Fiber Grating with a Nano-Overlay of 
Diamond-Like Carbon 
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Long-period fiber gratings (LPFGs) have been used as sensor-based devices for well over a decade. LPFGs are 
periodic modulation of the refractive-index (RI) in the core of a single-mode optical fiber (SMF). Under special 
phase-matching conditions, the grating couples the fundamental core mode to the discrete forward propagating 
cladding modes which are leaking out of the SMF. Fiber sensors based on the LPFG have been proposed for 
temperature, strain, hydrostatic pressure, bending and RI sensing. The latter application is of special interests due 
to its use in the sensing of biochemical elements. The Deposition of high-refractive-index (HRI) nano-coatings 
can significantly increase the sensitivity of LPFGs to the variations in the external RI. The increase in sensitivity 
is achieved by exploiting the mode transitions phenomenon where some cladding modes transition into the HRI 
overlay for specific deposition thicknesses. The cladding modes not transitioning have their effective RI value re-
shuffled leading to a change in the phase-matching conditions and the mode coupling dynamics. The sensitivity to 
the variations in the external RI is enhanced by the deposition of a HRI nano-overlay with a deposition thickness 
supporting a cladding mode transition. Due to its high refractive values, nano-overlays of Diamond-Like Carbon 
(DLC) present an opportunity for a first mode transition for a relatively low deposition thickness. However, for small 
layer thicknesses, the dispersion curve of the DLC nano-overlay shows a dependence on the deposition thickness 
making it difficult to design a device with maximum sensitivity.

This paper presents a theoretical analysis of the sensitivity of the LPFGs nano-coated with a DLC nano-layer. First, a 
model of the dispersion curve dependence on the DLC layer thickness is inferred from experimental data. Then, the 
minimum DLC layer thickness supporting a cladding-mode transition is estimated from the modal theory. Finally, 
the sensitivity to variations in the external RI is assessed using a coupled-mode theory based model of a LPFG 
with a nano-layer of DLC and the inferred dispersion model. This research has a potential to facilitate design and 
fabrication of the LPG-based sensors optimized for specific ranges of refractive index sensing.
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(SENSORS.29.32.7)    Silicon Photonics Characterization Platform for Gyroscopic Devices

Miguel A. Guillén-Torres, Maan Almarghalani, Elie H. Sarraf, Nicolas A. F. Jaeger, Edmond Cretu,  
and Lukas Chrostowski
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Large-area (11.4 x 7.7 mm) SOI ring resonators, to be used as optical gyroscopes [1], have been designed and 
fabricated using e-beam and IME processes. Light is coupled into, and collected from, grating couplers using 
polarization-maintaining (PM) fibres and a PM circulator. Light is split on-chip [2] and coupled to the resonator in 
counter-propagating directions. Since a low resonator roundtrip loss is key for angular rate sensitivity, as all other 
optimal parameter values depend on it [3], short single-mode waveguides (for coupling and bend sections) are 
connected via tapers to long multimode waveguides (for straight sections) to minimize the roundtrip loss.

To characterize the devices, an automated turntable stage with an embedded high resolution gyroscope has been 
built. Its large payload capacity allows for safe rotation of a temperature-controlled opto-mechanical setup. A Field 
Programmable Gate Array [4] interface has been implemented for mechanical actuation and signal acquisition. 
Various rotation schemes have been implemented to characterize the apparatus and devices. The turntable exhibits a 
bandwidth of 0.45 Hz, and minimum and maximum repeatable angular rates of 27 and 74 degrees per second (dps), 
with a maximum associated angular rate noise level of 2 dps. 

[1] J. Scheuer and A. Yariv, “Sagnac effect in coupled-resonators low-light waveguide structures,” Phys. Rev. Lett., Vol. 96, No. 
5, p. 53901, Feb. 2006
[2] H. Yun, W. Shi, Y. Wang, L. Chrostowski, and N. A. F. Jaeger. “2×2 Adiabatic 3-dB Coupler on Silicon-on-Insulator Rib 
Waveguides”, Proc. SPIE Vol. 8915 p. 1 (2013)
[3] M.A. Guillén-Torres, E. Cretu, N.A. F. Jaeger and L. Chrostowski, “Ring Resonator Optical Gyroscopes-Parameter 
Optimization and Robustness Analysis”, JLT. 30 p. 1802 (2012)
[4] Z. Jin, G. Zhang, H. Mao, and H. Ma, “Resonator micro optic gyro with double phase modulation technique using an FPGA-
based digital processor”, Optics Communications, Vol. 285, Issue 5, p. 645 (2012) 
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Terahertz (THz) time-domain spectroscopy is well known to have great potential for chemical, biological, and medical 
sensing applications. Though, for many practical applications in chemical sensing or imaging of bio-systems, free-
space THz spectroscopy still lacks the required sensitivity. This is more critical when it comes to in-situ measurements 
of samples that evolve dynamically. To enhance the sensitivity, the confinement light to sub-wavelength volumes 
using resonating structures is a common tool used in modern imaging and sensing. However, quantitative analysis 
of the near-field response is often difficult without knowing the exact spatial distribution and the interaction with the 
sample. In this work, we report a method that combines a recently proposed technique for 2-dimensional THz near-
field imaging with a simple resonator device consisting of two metallic ring structures, of which one is loaded with 
a dynamically evolving porous coordination polymer (PCP) nanocrystals at room temperature undergoing molecular 
adsorption in its pores. Spatially resolving the entire near-field THz light-matter interaction of the resonator in real-
time enables the observation of dielectric loading of hydrocarbons into a porous coordination polymer nanocrystal 
at room temperature by using the phase change of the near-field response as a sensitive probe. The spectroscopic 
information is extracted by differentiation of the near-field dynamics simultaneously resolved between two identical 
and loosely coupled metallic structures in which one acts as a reference. We will introduce the system and its potential 
as a new and powerful tool to probe the infrared response of sub-wavelength and weakly absorbing materials, 
including studies of living cells. 
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Globally, neonatal jaundice is a major cause of newborn death and disability. The burden of brain injury due to 
jaundice remains a well-recognized threat in many countries in the world. It is important to detect jaundice in its early 
stages to prevent kernicterus in newborn infants. When jaundice is properly diagnosed, severe elevation of serum 
bilirubin can be prevented and effectively treated, preventing brain injury. However the accuracy and precision 
of the results obtained from conventional bilirubin meters have undesirable variability. In this paper the authors 
introduce the theory, design and operating principles of new non-invasive transcutaneous bilirubin sensors. The 
sensors are implemented using laser diodes and LEDs. The operation principle of these novel compact and low-cost 
bilirubin sensors is primarily based on the absorption characteristics of bilirubin in the visible region of the spectrum. 
Accurate measurement of bilirubin concentration is a major determination in the clinical management of neonatal 
hyperbilirubinemia. The management includes using blue laser diodes, or LEDs and Organic LEDs (OLEDs) for 
efficient phototherapy of jaundice. Non-invasive transcutaneous bilirubinometry using these novel sensors was used 
in our clinics and hospitals for accurate and timely identification of neonates at risk of hyperbilirubinemia in addition 
to efficient phototherapy.

(SENSORS.30.37.2)   Impact of the pulse shape on nanosecond laser-triggered microcavitation around   
                                       micrometer-sized melanin granules and associated laser safety considerations.
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Cutting edge nanosecond laser sources with pulse shaping capabilities have emerged in the last decade and are 
now being commercialized by several manufacturers for advanced laser material processing applications. Laser 
safety considerations, in particular ocular safety issues, have not been examined in details for such lasers. For 
pulse durations below 1 µs, intracellular microcavitation around melanin pigments contained in the retinal pigment 
epithelium is a dominant cause of retinal injury, and the volume of damaged retinal tissue is in principle determined 
by the maximum volume of the cavitation bubbles. We present experimental evidences showing that the laser pulse 
shape has strong impacts on the threshold radiant exposure HT for the onset of cavitation around melanin pigments, 
and on the cavitation dynamics itself. Melanin granules and bovine melanosomes suspended in water were irradiated 
with single laser pulses at 532 nm. Using a pump-probe setup and time resolved imaging, HT was measured for 
different laser pulse formats having durations in the range of 2 to 630 ns. The bubble lifetime was also measured as 
a function of the radiant exposure above HT. For pulses of the same duration but having different shapes, differences 
of up to 40% were noticed in the threshold values and the maximum bubble volume at 2*HT could vary by more 
than an order of magnitude. Using a thermal model and based on experimental values of HT, we predict a linear 
absorption coefficient µa larger than 10 000 cm-1 at 532 nm for the individual melanin nanoparticles within the 
micrometer-sized granules. We propose that inhomogeneous heating of the melanin pigments could play a key role 
in the cavitation dynamics observed with different pulse formats. These results obtained with pigment suspensions 
suggest that the threshold radiant exposure to produce retinal lesions as well as the volume of damaged tissue at a 
given radiant exposure could depend on both the pulse duration and the pulse shape. Further studies at the cellular 
level (2D-3D cellular models), as well as investigations with ex vivo tissue samples will be required to confirm the 
impact of pulse shaping on higher order biological models. 
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(SENSORS.30.37.3)   Single-Scattering Optical Projection Tomography Applied to Heart Injury  
Lesions in Rats
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Ex-vivo imaging is essential to extract pathological signature of tissue for histological analysis, as well as to assess 
and confirm the evolution of disease. However, traditional imaging strategies for histological analysis generally 
involve cutting tissue, which causes deformation of sample. Mesoscopic imaging, e.g. optical projection tomography 
(OPT), is considered as an alternative. However this imaging technique requires treating the sample to make it 
transparent prior to imaging. Nonetheless, the process of transparency is not perfect and may preserve intrinsic 
properties of tissue, some of which may informative for its characterization. 

In this work we present the development of a broken beam OPT system and associated reconstruction algorithms 
to investigate residual tissue scattering in treated transparent tissue. Experimentally, the broken-beam tomography 
method is first characterized in a tomographic geometry with phantom, in order to evaluate its ability to separate 
absorption and scattering. Then, we investigate if the scattering coefficient images µs yield useful information on 
damaged tissues using a model of heart injury in rats.

(SENSORS.30.37.4)   Biomedical Applications with Nanophotonic OCT

Arsen R. Hajian

The last decade has seen a tremendous revolution in Optical Coherence Tomography. The technology has been 
successfully transitioned from the academic/research laboratory into commercial settings (e.g. ophthalmologist’s 
office). However, there are still some substantial barriers that prevent OCT from being pervasively adopted in certain 
areas. Tornado Spectral Systems has developed and commercialized a nanophotonic OCT spectrometer that can 
produce data equivalent to freespace OCT hardware, but in a package that is robust and small. In addition, the 
marriage of OCT and nanophotonics generates additional capabilities not possible with freespace configurations. In 
this talk, I will review some of these new capabilities and discuss the impact of these technical developments on the 
adoption and dissemination of OCT systems.
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(SENSORS.30.37.5)   Simultaneous and colocalized optical coherence tomography and laser marking 
through double-clad fiber

Kathy Beaudette1, Wendy-Julie Madore1, Étienne de Montigny1, Hyoung Won Baac2, Martin Villiger2, Nicolas 
Godbout1, Brett E. Bouma2 and Caroline Boudoux1
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Barrett’s esophagus is a pathology that could progress into esophageal cancer and therefore requires a close 
surveillance. A system combining a real-time identification (through optical coherence imaging) and the marking of 
suspicious areas of the esophagus could be used to efficiently guide biopsy and, therefore, reduce the percentage of 
false-negative results. Double clad fibers (DCFs) could enable simultaneous optical coherence tomography (OCT) 
and laser marking in a co-localized manner. DCF allows a single fiber-optic probe to be used for both channels: i.e. the 
core of the DCF delivering the OCT signal while the inner cladding guiding the marking laser. To efficiently combine 
both signals within the DCF, a DCF coupler (DCFC) optimized for light injection was developed. Theoretically, 
such a device could allow a coupling of more than 80% of the multimode light while having a negligible effect 
on the transmission of the core signal. A prototype of this coupler was built by fusing and tapering two fibers: a 
commercially available DCF (core of 9µm, inner cladding of 105µm) and a DCF acting as a multimode fiber with a 
smaller inner cladding area. This first prototype allowed a transmission of the core signal (1260-1380nm) with losses 
smaller than 0.5dB as well as a transmission, through the inner cladding, of ~66% of the marking laser light (i.e. a 
CW-modulated Raman fiber laser, average power of 300mW at 1436nm, pulse duration of 500µs at 20Hz). A marking 
beam of ~200mW was available at the DCFC output (i.e. a 10mJ pulse energy) that is sufficiently high to induce 
visible marks on the sample through tissue coagulation. Optimization of the experimental parameters is currently 
undergoing to further increase this transmission ratio. We also investigated possible degradation mechanisms of the 
OCT signal through a DCF and the custom DCFC. Imaging of a biological sample confirmed that minimal artifacts 
where induced by the addition of the DCF in the OCT system. This novel DCFC represents the centerpiece of a 
multi-modal system allowing simultaneous and co-localized OCT and laser marking. Furthermore such a combined 
system could ultimately be used to guide laser therapy. 

(SENSORS.30.37.6)   Correlated Determination of Ultrasmall Gold Nanoparticle Biodistribution by  
Photoacoustic and Fluorescence Imaging

Wilson Poon1, Xuan Zhang1, Andrew Heinmiller2, and Jay Nadeau1

1 Department of Biomedical Engineering, McGill University, Canada,  
2 FUJIFILM VisualSonics, Inc. Canada

Conjugated ultrasmall gold nanoparticles improve drug solubility and improve targeting for cancer therapy via the 
enhanced permeability and retention (EPR) effect. The EPR effect results from the increased vascular permeability of 
cancerous or inflamed tissue, which causes particles of sizes < 200 nm to accumulate preferentially in the pathological 
areas. However, the EPR effect is not well established in human cancers, so improved methods of active nanoparticle 
targeting have also been sought. Evaluating the biodistribution of gold nanoparticles is therefore an essential 
indicator of determining which targeting strategies are optimal. Conventional methods of studying biodistribution 
require sacrificing a large amount of animals at different time points and gives bulk organ distribution data only. 
New intravital methods such as photoacoustic and in vivo fluorescence imaging are being investigated in an effort to 
minimize the sacrificing of animals and improve the resolution of nanoparticle localization to the sub-organ and/or 
cellular level. In this project, ultrasmall tiopronin-capped gold nanoparticles (diameter = 2.8nm) are synthesized that 
generate photoacoustic signal ranging from 680nm to 970nm and fluoresce in the near infrared region when excited 
at 675nm. The gold nanoparticles are injected intravenously via the tail vein into tumour-bearing mice. The mice 
are subsequently sacrificed and their excised organs are analyzed by the VisualSonics Vevo LAZR photoacoustic 
imaging system and IVIS Spectrum in vivo fluorescence imaging system. Based on differing spectral properties, 
spectral unmixing in photoacoustic imaging data shows with high resolution the three-dimensional localization and 
relative quantity of nanoparticles in the spleen, kidneys, liver, and tumour, which are  in agreement with results 
obtained from fluorescence imaging data following autofluorescence signal subtraction. In conclusion, the use 
of photoacoustic and fluorescence imaging methods for visualizing nanoparticles can provide a better mesoscale 
understanding of their biodistribution.
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(SENSORS.30.37.7)   Selective optoporation of human cancer stem cells targeted with functionalized gold 
nanoparticles enhancing femtosecond pulse irradiation 
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Cancer stem cells (CSCs) are generally more resistant than other cancerous cells to radiotherapy and chemotherapy. 
CSCs expressing the CD44 cell surface receptor are responsible for the tumorigenic, invasive and metastatic potential 
in breast, bone, colorectal, prostate, pancreas, head and neck cancers. Plasmonic gold nanoparticles (AuNPs) are 
approved by U. S. Food and Drug Administration for some applications and well-suited for targeting cancer tumors 
and optically treating them due to their photostability, water solubility and biocompatibility in vitro and in vivo. We 
propose to selectively perforate CSCs in vitro with our non-invasive femtosecond (fs) laser technology amplified by 
functionalized AuNPs without affecting nontarget cells. Citrate-capped 100 nm AuNPs were functionalized with 5kDa 
poly(ethylene glycol) layers and monoclonal antibodies recognizing the CD44 receptor (CD44-AuNPs). Selective 
targeting and treatment with fs laser was verified by using human breast cancer cell lines expressing or not CD44 
(CD44+ MDA-MB-231 and CD44- BT-474, respectively) [Patskovsky et al., Journal of Biophotonics 2013]. UV-
visible spectroscopy, darkfield microscopy and fluorescent labeling confirmed stable CD44-AuNPs functionalization 
and efficient selective targeting of CSC-like phenotype in a physiological environment containing serum proteins. 
Since biological tissues absorb very weakly the energy at 800 nm, fs laser irradiation at this wavelength with a 
fluence of 140 mJ/cm2 in combination with CD44-AuNPs can transiently perforate target CSCs without damaging 
nontarget cells. Higher irradiation energy can destroy target cells We anticipate that this non-invasive technology 
will not require surgery, thus preventing possible complications [Baumgart et al., Biomaterials 2012; Boulais et 
al., Nano Letters 2012]. This treatment should block the high proliferative capacity and self-renewal of CSCs and 
prevent tumor spread and development of metastases. The project outcomes will be essential to understand and 
improve the treatment of cancer patients. Our new treatment could be adapted for other types of cancer or diseases 
with different specific biomarkers.

(SENSORS.30.44.1)   In Vivo Deep Tissue Multiphoton Microscopy

Chris Xu
School of Applied and Engineering Physics, Cornell University

Ithaca, NY 14853, USA

Over the last two decades, multiphoton microscopy has created a renaissance in the brain imaging community. It 
has changed how we visualize neurons by providing high-resolution, non-invasive imaging capability deep within 
intact brain tissue. Multiphoton imaging will likely play an essential role in understanding how the brain works at 
the level of neural circuits, which will provide a bridge between microscopic interactions at the neuronal level and 
the macroscopic structures that perform complex computations.

In this talk, the fundamental challenges of deep tissue, high-resolution optical imaging are discussed. New technologies 
for in vivo imaging of mouse brain using megawatt femtosecond pulses and three-photon microscopy (3PM) will 
be presented. We will discuss the requirements for imaging the dynamic neuronal activity at the cellular level over 
a large area and depth in awake and behaving animals. Finally, we will speculate on the possible future directions to 
further improve the imaging depth and speed in biological tissues.
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(SENSORS.30.44.2)   Modeling of microvascular hemodynamics from in situ two-photon fluorescence 
 microscopy

Bojana Stefanovic1,2, Liis Lindvere1,2, Adrienne Dorr1, Lynsie Thomason1, Lak Chinta1, James Mester1,2, Illsung 
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In vivo imaging of brain microvascular network function is important for studying the interaction between the 
neuronal and vascular networks that underlie normal brain function as well as for examining the evolution of 
cerebral microvascular injury in preclinical models of brain diseases such as stroke and neurodegeneration. In 
the present work, we employ in vivo two-photon laser scanning microscopy data of cortical microvascular beds, 
acquired in anesthetized mice and rats following implantation of closed cranial windows. We have developed 
an array of analysis tools to evaluate the microvascular network morphology and function using these data. In 
particular, we employ 2D over time bolus tracking of intravenously administered fluorescent dextran to quantify 
local microvascular transit times.  By relating these to the 3D data on the local microvascular architecture, we 
categorize the vessels into arterioles, capillaries, and venules, and identifiy individual vascular paths connecting 
the imaged vessels. These procedures allow estimation of intravascular flow as well as perfusion. We have also 
developed an interleaved acquisition protocol to evaluate the 3D microvascular network geometry. Combined, these 
tools allow the microvascular network hemodynamics to be studied at an unprecedented level of detail, both during 
rest and in the course of functional stimulation or pathophysiological challenges such as hypercapnia, to estimate the 
vascular reserve. We have also applied this analysis to examine the effects of amyloid pathology on microvascular 
network reactivity in a preclinical murine model of Alzheimer’s Disease. Therein, we have shown vascular amyloid 
deposition dependent increases in tortuosity and decreases in caliber of cortical penetrating arterioles. These changes 
were demonstrated to result in reduction of cortical vascular reserve, as evidenced by impairment in hypercapnia-
elicited shortening of cortical microvascular transit times.

(SENSORS.30.44.3)   Polarimetric imaging for molecular order characterization of myelin

Daniel Côté, Erik Bélanger, Raphael Turcotte, Yves De Koninck, Amy Daradich and Pierre Gravel
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(SENSORS.30.44.4)   Near-Infrared Spectroscopy of Image Clarity Perception in the Human Brain

J. Eduardo Lugo, Claudine Habak, Rafael Doti, and Jocelyn Faubert
Visual Psychophysics and Perception Laboratory, School of Optometry, University of Montreal, C.P. 6128 succ. 

Centre Ville, Montreal, Quebec, Canada

Perceived image clarity depends, not solely on optics, but on the brain’s ability to process visual stimulation and 
adapt to environmental change. Neural adaptation plays a role in the perception of image clarity, as blur judgments 
depend on the state of adaptation. Adaptation refers to the manner in which the visual system adjusts its operations 
(or recalibrates) in response to environmental change and is observed by measuring human responses to a test image 
after prolonged exposure to an adapting image. After adapting to a blurred image, subsequent images would appear 
sharper, and vice-versa.

The purpose of the present work is to quantify perceived image clarity (blur) physiologically with measures of the 
brain’s hemodynamic response function using near infrared spectroscopy (NIRS).
We performed NIRS on the brain of many subjects while they observed different images categories (natural, animals, 
etc.). The image clarity was changed from sharp to blur and their appearance, on a calibrated screen, was randomized. 
The working wavelengths were 705 nm and 830 nm. The spectroscopy was done in cortical areas such as the 
occipital and frontal lobes. The study obtained ethics approval from the CERES (Comite d’ethique de la recherche 
en sante) of Universite de Montreal where all the testing took place. Informed written consent was obtained from all 
participants of the study.

We used an Entropy function to analyze the NIRS data and found that the best image clarity for a subject is the one 
with the highest Entropy value. This result would help the current technique for prescribing lenses.

(SENSORS.30.44.5)   Photoacoustic imaging of an inflammatory lesion model in the neonatal rat brain

Edgar Guevara1,2, Romain Berti1,2, Irène Londono1, Ningshi Xie3, Pierre Bellec4, Frédéric Lesage1,2  
and Gregory A. Lodygensky2,3

1 Department of Electrical Engineering, École Polytechnique de Montréal, Canada. 
 2 Montreal Heart Institute, Montréal, Canada.  

3 Sainte-Justine University Hospital and Research Center, Department of Pediatrics, Univ. de Montréal, Canada.  
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Periventricular leukomalacia (PVL) is a condition that may cause significant neurodevelopmental handicap in 
premature newborns. It is characterized by white matter injury, associated with inflammation. This work aimed 
to assess the impact of inflammation on cerebral oxygen saturation (SO2) using depth-sensitive photoacoustic 
tomography (PAT).

The aspects of PVL were reproduced in a rodent model by injection of lipopolysaccharide (LPS) into the corpus 
callosum.

The results of this exploratory work reveal lower SO2 values in LPS group, as compared to sham controls; showing 
decreased values in the corpus callosum and in the left cortex, ipsilateral to the injection site. Inter-hemispherical 
connectivity was not affected by LPS injection, as shown by functional connectivity analysis.
This study supports the use of PAT as a non-invasive tool to assess oxygenation values in vivo in the newborn brain.
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(SENSORS.29.P.50.40)   Ex-vivo multi-modal microscopy of healthy skin
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The thorough characterization of skin samples is a critical step in investigating dermatological diseases. The 
combination of depth-sensitive anatomical imaging with molecular imaging has the potential to provide vast 
information about the skin. In this proof-of-concept work we present high-resolution mosaic images of skin biopsies 
using Optical Coherence Tomography (OCT) manually co-registered with standard microscopy, bi-dimensional 
Raman spectral mapping and fluorescence imaging.

A human breast skin sample, embedded in paraffin, was imaged with a swept-source OCT system at 1310 nm. 
Individual OCT volumes were acquired in fully automated fashion in order to obtain a large field-of-view at high 
resolution (~10μm). Based on anatomical features, the other three modalities were manually co-registered to the 
projected OCT volume, using an affine transformation.

A drawback is the manual co-registration, which may limit the utility of this method. However, the results indicate 
that multiple imaging modalities provide complementary information about the sample.

This pilot study suggests that multi-modal microscopy may be a valuable tool in the characterization of skin biopsies.

Figure caption: Multimodal image of skin sample: (A) Orthogonal slices through an OCT volume showing two skin 
samples embedded in paraffin. (B) Corresponding visual microscopy image superimposed to a median intensity 
projection of the OCT volume showing 2D Raman map IR(x,y) (C) Same as (B) but showing 2D fluorescence map 
IF(x,y). All maps shown in normalized units. Scale bar 1mm. 

(SENSORS.29.P.50.41)   SPRi-MALDI-MS method for Quantitative and Qualitative imaging of proteins in 
biological tissues

Simon Forest, Julien Breault-Turcot, Jean -François Masson and Pierre Chaurand
Department of Chemistry, University of Montreal, Canada

Matrix Assisted Laser Desorption Ionization (MALDI) mass spectrometry (MS) is the state of the art technique for 
protein analysis and sequencing. MALDI-MS can be a powerful tool to perform detection of biological species on a 
surface or  directly on biological tissues. This could give the possibility to locate and identify several biomolecules, 
including proteins, leading to a mapping of the tissue. Localized quantification of these proteins remains a challenge. 
Coupling MALDI-MS with a compatible imaging system able to quantify proteins like surface plasmon resonance 
imaging (SPRi) can give supplementary quantitative information. These two techniques could enable quantitative 
and qualitative information directly from a particular biological sample. In this project, the use of various surface 
chemistries to modify the gold surfaces has already shown that it is possible to promote the adsorption of various 
kinds of biomolecules/proteins. By transferring via an aqueous medium some of the material of a biological tissue, 
it is possible to get a representative imprint of the tissue on the SPR chip. In this case, the transfer of material will 
be done on a thin film of gold with an appropriate surface chemistry. This technique will allow the quantification 
of biological material present on the surface of the biosensor at the picogram level. Pre-treatment of the tissue 
demonstrated that it was possible to remove some of the material in order to avoid saturation of the signal at the 
biosensor. Once the SPRi analysis is complete, the sensor bearing the imprint of the biological sample will be 
prepared for the MALDI analysis. These treatments must not have an impact on the regioselectivity of the tissue 
imprint on the sensor surface. The image obtained by MALDI-MS provides information about the nature of the 
material on the surface at a particular location of the imprint. It is also possible to obtain information about the ratios 
between species found on the surface (ex: proteins, lipids). By coupling those two 2D mapping obtained by MALDI 
MS and SPRi, it is possible to obtain images of 100 microns resolution with a thin biological tissue. Analysis of 
successive tissue samples from an organ will also in the future allow reconstruction of biological samples in three 
dimensions.
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(SENSORS.29.P.50.42)   Advanced applications of optical methods to microelectronics reliability

Hua Lu, Ming Zhou, Cuiru Sun, Alireza Shirazi
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Reliability is a key area in advanced microelectronics, micro-sensor and photonic assembly research, design and 
manufacturing. The paper presents some recent applications to reliability study in which photo-mechanics approaches 
involving optical and computer-vision based metrological techniques are used to perform deformation measurement 
in three-dimensional, multi-scale and real-time manner. To illustrate the role of the deformation measurement, 
three case studies are presented emphasizing direct evaluation of failure strength and failure critical condition. A 
typical evaluation includes design of experiment, measurement technique and setup selection, sample design and 
preparation, testing and data processing, etc.  The final results analysis as a key step of the evaluation is exemplified.   
The case studies demonstrate that the optical deformation measurements eventually lead to the determination of 
materials’ failure parameters, the critical loads and interconnect strength for assembly units. The new approach 
shows promising application potential in new product design, prototyping and testing.  

(SENSORS.29.P.50.43)   Resonance structure of quantum-dot-coated microspheres for microfluidic sensing

Y. Zhi1, J. Valenta2,  A. Meldrum1

1 Department of Physics, University of Alberta, Edmonton, AB, T6G2E1, Canada
2 Chemical Physics and Optics, Charles University, Ke Karlovu 3, Prague, Czech Republic

Optical microspheres can support whispering gallery resonances that demonstrate extremely high Q-factors. 
The “evanescent” component of the electric field distribution outside the microsphere can be used to sense the 
refractometric or absorbing properties of the surrounding medium. Coating the sphere with a high-index fluorescent 
layer is advantageous for at least two reasons. First, the layer can increase the sensitivity by effectively “attracting” 
more mode energy from the inside the sphere and thereby increasing the fraction that extends into the analyte. Second, 
it enables the operation of the microsphere in the fluorescence mode, which permits considerable experimental 
simplification over arrangements that require evanescent coupling of a tuneable laser via a nanometrically positioned 
fiber taper or waveguide.

The present work investigates the mode structure and refractometric sensitivity of microspheres coated with a layer 
of silicon quantum dots (QDs). Microspheres were made by melting the end of a fiber taper, and they were then 
uniformly coated with a thin layer of silicon QDs. The WGM spectrum was measured in two ways: first the “cold 
cavity” modes were measured using an evanescent coupling setup. The spectrum was composed of families of 
closely-spaced TE- or TM-polarized modes (Q ≈ 106) that formed due to the degeneracy breaking associated with 
a slight prolate eccentricity of the sphere. The fluorescence spectrum from the same sphere was quite different, 
with only a single set of evenly-spaced WGMs with Q factors of ≈103. This difference is attributed to the relatively 
wide linewidth of the QDs and to spectral diffusion. Despite the lower Q-factors, when the microsphere is placed 
into a microfluidic environment the fluorescence spectrum is sensitive to changes in the local refractive index, 
especially when the WGM spectral shifts are analyzed via Fourier methods. The detection limits for these QD-coated 
microspheres were determined experimentally and the results were compared to theory.
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(SENSORS.29.P.50.44)   Phase-Shifted Gratings and Their Interrogation Methods
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The phase-shifted gratings are made by a point by point writing method, creating an optical phase shift roughly in 
the middle of the gratings. In contrast, the Pi-phase-shifted gratings have linewidths of 1 pm only, and, therefore, 
their position could change 10 pm per degree Celsius (very sensitive to temperature); therefore, the peak is hard to 
track when the grating is placed in an environment where temperature keeps changing. In contrast, the phase-shifted 
gratings are slightly broader, having 2 to 3 pm linewidth. To generate the phase-shifted gratings, the programmable 
writing stage starts to dither, erasing a small group of periods. This creates a transmission notch in the reflection 
spectrum of the grating thus formed. Combining an array of phase-shifted gratings with an International Telecom 
Unit (ITU) grid tunable laser provides us with a versatile solution platform.

Two methods of interrogation have been developed, both featuring high signal-to-noise ratios. One addresses low 
frequency measurement of temperature and vibration: the algorithm consists of first detecting the envelope followed 
by another algorithm to locate the transmission notch. The corresponding driving current correlated to this peak 
location along with the TEC setting and local temperature form a set of coordinates.

Another method has been developed for measuring high frequencies, such as acoustic emission waves. It is based 
on the adaptation of a laser locking technique long developed for probing optical resonances called frequency 
modulation spectroscopy. The measurement takes the form of dynamically nulled lock-in detection. This method 
can be adapted on an ITU grid tunable laser allowing many phase-shifted gratings of different wavelengths to be 
connected in series. Measurement can be done grid by grid, locating the partial discharge (PD) events as where 
the sensors have been installed. With proper packaging, the sensor will fit inside the very narrow slot in the stator 
core (PD usually occurs close to the exit of each slot). The error signal is available in direct electrical output and is 
interpreted using Labview programming. Tracking is performed independent of temperature variations, the locking 
mechanism simply following any temperature shift and drift, thus causing the peak to move accordingly.  

(SENSORS.29.P.50.45)    In-vivo 3D dynamic imaging of fluorescence neuronal precursor cell migration  
using electrically tuneable optical endoscope.  

One of the major limitations in the current set of techniques available to neuroscientists is a lack of methods for 
imaging individual cells in 3D, deep within the brains of living mouse. To overcome this limitation, we developed 
a minimally invasive 100% electrically tunable micro-endoscopy technique adapted for three-dimensional imaging 
in total absence of mechanical motion. Combined with micro grin imaging lens (NA=0.5) of 0.5mm diameter 
our special lens called TLCL (tunable liquid crystal lens) allows electrical focus/depth shift of 40um in a living 
mouse brain. The presence of custom made 5mm long grin rods permits to our system to access even the deepest 
regions of the brain like olfactory bulb, sub-ventricular zone (SVZ), striatum and hippocampus. In-vivo electrical 
3D imaging of those regions may reveal valuable information about physiological proprieties of mature neurons as 
well as different processes of newborn neuronal precursors development (birth, migration and integration in existing 
neuronal network) in the adult neurogenic regions.  Furthermore, wide-field micro-endoscopy with a rapid full-frame 
imaging allow us to monitor changes in some biochemical pathways, such as fluctuations in the Ca2+ signaling 
within individual cells and across cell populations. 
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Introduction: Multi-modality imaging combining fluorescence molecular tomography (FMT) with an additional 
anatomical substrate, such as MRI, is expected to not only provide the information of these two modalities but also 
help optimize the recovery of functional information with MRI anatomical guidance. Objectives: The objectives of 
this study were twofold. First, a multi-modality FMT-MRI system was developed to conduct simultaneous imaging 
of these two modalities. Second, this system was applied to preclinical atherosclerosis imaging with mice. Method: 
We designed an optical probe consisting of a MRI-compatible plate on both the top and bottom sides of the animal 
bed, respectively. In experiments, the imaging sample/animal was installed between the two plates; and then the 
optical probe fit in the commercial MR holder for simultaneous imaging. By mounting fibers on both sides of the 
optical probe, transmission measurements were performed from both sides. Moreover, we achieved an accurate 
fluorescence reconstruction with MRI-derived anatomical guidance. 

Results: The sensitivity of the FMT system was evaluated with phantoms. It was shown that with long fibers, the 
detection sensitivity was sufficient to detect 10nM Cy5.5 solution with ~28.5 dB CNR in the phantom. Finally, the 
system was applied in in-vivo imaging of atherosclerosis. In experiments, two ATX mice and two control mice 
were used. With the administration of a molecular probe, MMP activity involved in atherosclerosis was imaged. 
The reconstruction results were in agreement with ex-vivo analysis. Conclusion: We developed a multi-modality 
FMT-MRI system for preclinical atherosclerosis imaging with mice. Using MR-derived anatomical information, the 
fluorescence reconstruction was closely correlated with ex-vivo measurement. Therefore, the proposed FMT-MRI 
system associated with the reconstruction method might serve as a tool for atherosclerosis imaging of small animals.

(SENSORS.29.P.50.47)   Physiological signals extraction based on ICA and EMD

Yanfei Zhang and Jianfei Ouyang
State Key Lab of Precision Measuring Technology and Instruments, Tianjin University,

Tianjin, 300072, China

Physiological parameters include heart rate and respiratory rate are of great significance for the healthy assessment. 
Currently, the physiological parameter acquisition methods rely on sophisticated equipment. Non-contact, optical 
way to monitor the patient’s physiological signals has an attractive prospect. In addition, non-contact measurement 
methods have a great advantage in sleep research and the intensive care unit (ICU). Photoplethysmography (PPG) 
is an optical technology used to detect tissue micro-vascular blood volume changes, commonly used in low-cost 
non-invasive detection of cardiovascular. By detecting changes of the intensity of the reflected or projected light to 
get relevant information of the cardiovascular system include heart rate, arterial oxygen saturation, blood pressure, 
cardiac output and respiration. This paper introduces a new method, using color facial video, and obtaining the useful 
signals based on face detection and blind source separation of color channels. Empirical mode decomposition (EMD) 
is an adaptive method, commonly used in the analysis of non-stationary signals. In this paper, EMD method was used 
to decompose the signal into intrinsic mode functions (IMFs) that can reflect the life of information, then according 
to the criterion of extraction, extracted accurate heartbeat and respiration signals. Bland-Altman method was used to 
analyze the experimental data. The results show that, this method is quite practicability and veracity.



352 353

(SENSORS.29.P.50.48)   A non-contact method of measuring heart rate using a webcam

Yi Liu1, Jianfei Ouyang1, Yonggang Yan1

1State Key Laboratory of Precision Measurement Technology and Instruments, Tianjin University,  
Tianjin 300072, China 

Measuring heart rate traditionally requires special equipment and physical contact with the subject. Reliable 
non-contact and low-cost measurements are highly desirable for convenient and comfortable physiological self-
assessment. Previous work has shown that consumer-grade cameras can provide useful signals for remote heart 
rate measurements. In this paper a simple and robust method of measuring the heart rate using low-cost webcam 
is proposed. Blood volume pulse is extracted by proper Region of interest (ROI) and color channel selection from 
image sequences of human faces without complex computation. Heart rate is subsequently quantified by spectrum 
analysis. The method is successfully applied under natural lighting conditions. Results of experiments show that 
it takes less time, is much simpler, and has similar accuracy to the previously published and widely used method 
of Independent Component Analysis (ICA). Benefitting from non-contact, convenience, and low-costs, it provides 
great promise for popularization of home healthcare and can further be applied to biomedical research.

(SENSORS.29.P.50.49)   Signal to Noise Ratio of Silicon Photomultipliers: a study in the Continuous  
sWave Regime

G. Adamo1, D. Agrò1, S. Stivala1, A. Parisi1, A. Tomasino1, L. Curcio1, R. Pernice1,
C. Giaconia1, A. C. Busacca1, and G. Fallica2

1DEIM, University of Palermo, Italy,  
2STMicroelectronics, R&D IMS, Italy

Even though silicon photomultipliers (SiPMs) are mainly employed in photon counting mode, they are used in the 
continuous wave (CW) regime in several applications and, for this reason, it is important to investigate the effect of 
the signal to noise ratio (SNR) in this operative conditions. We report on the electrical and the optical characterization 
in terms of SNR, in the CW regime, of a novel class of SiPMs. In particular, we show, for the first time, our SiPM 
SNR measurements as a function of the applied bias, of the reference frequency and of the temperature of the SiPM 
package. Similar measurements are performed on a photomultiplier tube (PMT), in order to make a comparison 
(see figure below). A 10 Hz equivalent noise bandwidth is employed around different reference frequencies in the 
range 1 – 100 kHz. The measured noise takes into account the shot noise, resulting from the photocurrent and the 
dark current. Our results highlight the outstanding performance of this class of SiPMs, even without the need of any 
cooling system. Indeed, their SNR is only ≈ 6 - 7 dBs below the PMT SNR at room temperature. Furthermore, cooling 
the SiPM package at a temperature of 3 °C, it reaches the PMT SNR values at room temperature, which is very 
promising together with the advantage of a SiPM bias in the range of 28.7 – 32.5 V, against a PMT bias up to 950 V. 
Furthermore, we have found that the SiPM SNR is constant varying the reference frequency in the abovementioned 
frequency range. Finally, we performed excess noise factor measurements of the SiPM, as a function of the applied 
bias, showing an increasing trend from a value of 1 at 28.7 V to 4.7 at 34 V.
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(SENSORS.29.P.50.50)   Electro-Optical characterization of Silicon Carbide Schottky photodiodes 

G. Adamo1, D. Agrò1, S. Stivala1, A. Parisi1, L. Curcio1, A. Andò1, A. Tomasino1, C. Giaconia1, A.C. Busacca1, M. 
C. Mazzillo2, D. Sanfilippo2, and G. Fallica2

1 DEIM, University of Palermo, Italy
2 STMicroelectronics, R&D IMS, Italy

We investigated the technical features of three novel classes of 4H-SiC vertical Schottky UV detectors, employing 
Ni2Si interdigitated strips whose pitch sizes are 8, 10 and 20 µm, named SiC8, SiC10, SiC20 respectively, based on 
the pinch-off surface effect. We carried out electro-optical measurements in dark conditions on varying temperature. 
We measured, for all the devices, a leakage current of few pA at -10V and 25°C, which slightly increase at higher 
temperatures due to the very low thermal generation inside the material, resulting in a decrease of the bias threshold. 
Responsivity measurements at three different voltages (0V, -3V and -10V) and at four temperatures (0 °C, 25 °C, 50 
°C and 90 °C) were performed with beam waist of 150 µm. All the three class devices demonstrated a responsivity 
peak around 290 nm, which decreases and shifts toward slightly longer wavelengths (due to energy gap shrinking), 
by increasing temperature. We concluded that SiC10 exhibited the best results, being the area under adjacent strips 
almost fully depleted at -10 V. The large space/strip width ratio ensures the merge of all the depleted regions. Instead, 
the SiC20 showed a lower performance since the full merge is never achieved within a very wide reverse voltage 
range, thus resulting in a lower photo-carriers collecting efficiency, especially if compared to the SiC10. 
              
             

(SENSORS.29.P.50.51   Photonic Methods for Analysis of Medical Data 

V.A. Antonov1, M.H. Grosmann2,
 V.I.Kartavenko3, A.I. Larkin1, K.A.Trukhanov4

1 National Research Nuclear University MEPhI Photonics-Centre, Moscow, 115409 Russia 
2 Louis Pasteur University, 32 Bld Brant, Strasbourg, 674000 France 

                 3 Sklifosovsky Institute for Emergency Medical Care, Moscow, 127473 Russia
           4 State Scientific Center-Institute of Biomedical Problems RAS, Moscow, 123007 Russia 

e_mail: photonics@mephi.ru

The various methods of laser coherent photonics implementations of multi-parametric classification are discussed in 
this article. It is shown that the holographic methods can be used not only for work with images, but when processing 
the information provided in the universal multi-parametric form. It is shown that along with the usual correlation 
algorithm enable to realize a number of algorithms of classification: searching for a precedent, Hamming distance 
measurement, Bayes probability algorithm, deterministic and “correspondence” algorithms. Significantly, that 
preserves all advantages of holographic method – speed, two-dimension, record-breaking high capacity of memory, 
flexibility of data processing and representation of result. For example is presented the result of solving one of the 
problems of medical diagnostics - a forecast of organism state after mass traumatic lesions.
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(SENSORS.29.P.50.52)   Measurement of Local Partial Pressure of Oxygen with Phosphorescence Lifetime 
Microscopy

Cong Zhang1, Tatiana V. Esipova2, Sergei A. Vinogradov2, Samuel Bélanger1, and Frédéric Lesage1, 3

1Dept. Electrical Engineering, Ecole Polytechnique of Montreal, Canada
2Depeartments of Biochemistry and Biophysics, University of Pennsylvania, Philadelphia, PA 19104, United States

3Research Center, Montreal Heart Institute, Canada

Evaluating cerebral tissue oxygenation is of critical importance for studying the delivery and consumption of oxygen 
in normal and diseased brain.  Despite the presence of several techniques to measure cerebral oxygenation in vivo, 
the most widely accepted method, using oxygen sensitive electrodes, suffers from low spatial resolution and its 
invasiveness. Moreover, conventional phosphorescent probes utilized in phosphorescence lifetime imaging have 
faced substantial difficulties as they require albumin or other supporting macromolecular carriers, which cannot be 
used in cerebral tissue.  In this study, a time-domain confocal microscopy imaging system based on phosphorescence 
quenching has been developed for minimally invasive measurement of oxygen tension (pO2) in cerebral tissue and 
microvessels with high spatial and temporal resolution, which permits the evaluation of rapid changes. We combined 
this system with a new probe, oxyphor G4, derived from Pd-meso-tetra-(3,5-dicarboxyphenyl)-tetrabenzo-porphyrin 
(PdTBP) that can operate in either albumin-rich (blood plasma) or albumin-free (interstitial space) environments. 
The system transverse and axial resolution is up to 1.9µm and the time required for each pO2 measurement at a given 
location varies from 100ms to 300ms depending on the number of cycles. The spatial pO2 profiles of tissue near 
an artery at multiple locations were measured in the somatosensory cortex of a mouse during normoxia. Obtained 
pO2 values were within the range of 5-25mmHg, in concordance with previously established cortical pO2 levels. 
Relatively high pO2 values were measured close to a large artery with rapid decrease at locations away from the artery. 
These results were in concordance with the fact that tissue pO2 gradients exist at the cortical surface. Furthermore, 
the system was sensitive to inspired O2 concentration changes. We conclude that, 1-our phosphorescence lifetime 
microscopy system is useful for minimally invasive measurement of oxygen partial pressure in cortical tissue with 
both high spatial and high temporal resolution; 2-our results provided evidence that pO2 varies considerably across 
regions and thus demonstrated the necessity of spatial measurement of pO2 values to investigate localized hypoxia.

(SENSORS.29.P.50.53)   Observation of Polarization-dependent Spectral Hole Burning of Brillouin  
Scattering in Spun Fiber

Rojina Ghasemi1, Viatcheslav Izraelian2, Li Qian1
1Department of Electrical and Computer Engineering, University of Toronto

2IVG Fiber Ltd, 855 Alness Street, Toronto, Ontario, M3J 2X3, Canada

Stimulated Brillouin Scattering (SBS) in optical fibers has been the subject of research for many years.  Different 
uses such as sensing and distributed measurements of temperature, strain, and vibration have been investigated 
using this phenomenon. The Brillouin gain (BG) is usually homogeneously broadened. However, for some specific 
fiber length, and pump-to-probe power ratios, Spectral Hole Burning (SHB) has been observed in Single Mode 
Fibers (SMF) [1,2]. Here, we observed, for the first time, highly polarization-dependent SHB of BG (Fig. 1c). 
The observation is made in a spun fiber, produced by spinning an elliptical core fiber preform during drawing. Its 
birefringent beat length is ~15 mm and the twist period is 10-12 mm. As shown in Figure 1, this effect was only 
observed in spun fiber and not in SMF or Polarization-Maintaining Fiber (PMF). The observed SHB dip is as narrow 
as 8MHz (Fig. 1c). 

Figure 2 shows the schematic of the experimental setup. The probe frequency is downshifted from the pump 
by a single sideband modulator, which consists of an amplitude modulator and a tunable filter used to select the 
downshifted sideband. Therefore, the probe frequency can be tuned by sweeping the RF drive frequency of the 
amplitude modulator. When pump and probe polarizations are aligned to produce the maximum BG (labeled as XX), 
we do not observe SHB, but when they are orthogonal (labeled as XY), the SHB dip is clearly visible in the spun 
fiber, but not in the other fibers. 

The dependence of SHB on pump power is shown in figure 3. The narrowband feature of the dip can potentially be 
used to make high resolution temperature and stain measurements.

[1]. Yuichi Takushima, Kazuro Kikuchi, OPTICS LETTERS / Vol. 20, No. 1, January 1, 1995.
[2]. L. Ste´pien, S. Randoux, J. Zemmouri, PHYSICAL REVIEW A, Vol 65, 053812, 3 May 2002.
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(SENSORS.29.P.50.54)   Design and finite element modeling of a novel optical microsystems-based tactile 
sensor for minimal invasive robotic surgery

Amir Ghanbari Mardasi1 and Mahdi Salmani Tehrani1 

1Department of Mechanical Engineering, Isfahan University of Technology, Isfahan, Iran

The use of robots in surgical proce¬dures has attracted growing interest over the last decade. A Robot-assisted device 
offers many advantages such as providing more hands during a surgical operation and it also allows performing 
remote surgical procedures. Although recently Minimal Invasive Robotic Surgery (MIRS) has been more addressed 
because of its wide range of benefits, however there are still some limitations in this regard. For example almost 
all of the commercially available MIRS systems are not able to provide the tactile feedback to the surgeon during 
tissue manipulation. In order to address the shortcomings of MIRS systems, various types of tactile sensors with 
different sensing principles have been presented in the last few years. Although these sensors improve measuring of 
tactile information in MIRS, almost all of them have practical limitations. For instance, they are neither compatible 
with Magnetic Resonance Imaging (MRI) nor electronically passive, which are the two main factors that should be 
realized in the design of a tactile sensor employed in MIRS systems.  As a result, there is a need to develop a sensor 
which is electrically-passive and MRI-compatible for use in MIRS.

In the present paper a MEMS-based optical sensor, which has been recently proposed by researchers, is investigated 
using numerical simulation. By this type of sensors real time quantification of both dynamic and statics contact 
forces between the tissue and surgical instrument would be possible. The presented sensor has one moving part and 
works based on the intensity modulation principle of optical fibers. It is electrically-passive, MRI-compatible and it 
is possible to be fabricated using available standard microfabrication techniques. The behavior of the sensor has been 
simulated using COMSOL MULTIPHYSICS 3.5 software. Stress analysis is conducted on the sensor to assess the 
deflection of the moving part of the sensor due to applied force. The optical simulation is then conducted to estimate 
the power loss due to the moving part deflection. Using FEM modeling, the relation between force and deflection is 
derived which is necessary for the calibration of the sensor.

(SENSORS.29.P.50.55)    Automatic Segmentation of the Retinal Nerve Fiber Layer for Deformation 
                                        Measurements on High Frequency Optical Coherent Tomography

Maribel Hidalgo1,2, Julian Gitelman 2, Denise Descovich2, Mark Lesk2,3, Santiago Costantino 2,3

1INRS centre Énergie, Materiaux et Télécommunications, Canada,  
2Ophthalmology Research Center Hôpital Maisonneuve-Rosemont, Canada,  

3Ophthalmology, Uneversity of Montreal, Canada.

Optical Coherent Tomography (OCT) has become the standard clinical and research tool for non-invasive cross-
sectional imaging of the posterior layers of the eye. It provides essential information about the eye’s anatomy and 
physiology, and changes associated with various eye diseases. Beyond clinical use, the vast majority of research 
projects based on OCT rely on static images made up of hundreds of averaged images, rather than dynamic studies. 
We have previously demonstrated that peripapillary retinal tissue is deformed during cardiac pulsations, and that 
such deformation is different in normal and glaucoma patients (Singh et al. IOVS 53:7819,2012). In order to be able 
to systematically perform such examination, we present a fully automated image analysis algorithm to detect the 
Retinal Nerve Fiber Layer (RNFL) and assess the deformation of the tissue in video rate FD-OCT images. Before 
the segmentation, images are pre-processed with morphological operations, median filtering and intensity thresholds 
to separate the outer layers of the retina from the vitreous interface. The segmentation algorithm seeks to trace the 
surface of the peripapillary retina and the Optic Nerve Head (ONH) by selecting the bright anterior foreground pixel 
per A-scan on the image and the resulting contour is smoothed using a Savitzky-Golay filter. From the obtained 
retinal surfaces tissue deformation is quantified in two orthogonal directions: vertical, from peripapillary retina to 
prelaminar tissue, and horizontal, neuroretinal rim. The method was tested on 32 normal adult eyes recording OCT 
scans of the ONH for 20 seconds at 19.5Hz (~400 images per recording in real time). Detection of the RNFL and 
deformation measurements was successful in 70% of the subjects, segmentation errors on the rest was due to very 
high vitreous reflectivity, strong eye movements or poor image quality. Based on this data it is possible to estimate 
the amount of potential stretching of the axons forming the optic nerve. This dynamic measure of retinal movement 
has an important implication on the understanding of retinal and ONH tissue biomechanics.
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(SENSORS.29.P.50.56)   Low-noise and high-frequency bandwidth fiber-coupled terahertz devices   
(that can be triggered at 1550 nm) 

Terahertz frequencies range from 0.1 to 10 THz with their corresponding wavelengths going from 3 mm down to 
30 µm. The THz radiation (i) can penetrate and image inside plastics, fabrics, and most dielectric materials, (ii) do 
not cause harmful photoionization in biological tissue, and (iii) exhibit strong dispersion as well as absorption for 
numerous molecules. Therefore, THz imaging and diagnostics have a tremendous potential for applications in non-
destructive testing and imaging, medical diagnosis, health monitoring, and chemical/biological identification.

Commercial THz time-domain spectroscopy and imaging systems have been developed recently. A first category of 
systems used expensive Ti-sapphire laser sources emitting at 800 nm coupled to efficient GaAs-based photoconductive 
antennas for the generation and detection of the pulsed THz radiation. With the advance of femtosecond fiber lasers 
emitting at 1550 nm, it becomes possible to make compact and robust THz systems at much lower cost. However, 
the performance of such systems is still limited by the current characteristics of THz devices triggered at 1550 nm. 
In this work, we have developed ultrafast photoconductive materials based on low bandgap III-V semiconductors 
(such as InGaAsP). Through an innovative material engineering approach based on cold-implantation of heavy ions 
followed by a rapid thermal annealing (RTA) treatment, it was possible to obtain a high resistivity (up to 2500 Ω 
cm) and a short lifetime (< 1ps) materials [1]. THz PC antennas, both emitters and detectors, were made on these 
materials and their characteristics were studied by using a time-domain THz spectroscopy setup. The impact of the 
RTA process and different electrode designs (coplanar, H-type and bowtie) were investigated in order to compare the 
characteristics of PC antennas in terms of amplitude, bandwidth, and signal to noise ratio. For the emitters, typical 
bias-voltage and pump-power dependences are shown. Remarkably high electric field (> 50 kV/cm) could be applied 
for increased emission of pulsed THz radiation due to the high resistivity of our materials. Our THz time-domain 
spectroscopy setup offers measurement capabilities from 0.1 to 3 THz.

[1] A., Fekecs et al., Optical Materials 1, 7 (2011)

(SENSORS.29.P.50.57)   Nitrogen vacancy centers in diamond for magnetic field mapping at the microscale

David Roy-Guay, Denis Morris, Michel Pioro-Ladrière1

1Department of physics, Université de Sherbrooke, Québec, Canada

Nitrogen vacancy (NV) centers in diamond are radiative defects in the visible which spin properties are linked with 
their optical properties. Possessing a long spin coherence time (up to 1 ms) even at room temperature (RT), their 
triplet spin state can be optically read out and manipulated by microwaves at 3 GHz. As NV centers are nanoscale 
defects and have very narrow (~ MHz) resonance lines, they make high spatial resolution magneto-, electro-, or 
thermometers [1], allowing high sensitivity measurements of small volumes.

Metrology measurements can be enhanced by the use of QI pulse techniques like spin echo. In this work, we report 
on our first RT Rabi oscillations at 0.7 MHz of an ensemble of NV centers which will be used as a benchmark for 
Stark shift enhanced magnetic field sensing of a single NV center mapped by confocal microscopy. To enhance the 
collection efficiency of the NV centers, pillars are etched into a diamond substrate containing the defects in order to 
couple the NV emission with the pillar modes. We show prelimineray work for the fabrication by O2 and Cl2 plasma 
etching of a NV pillars array for magnetic field mapping and a triple resist recipe for high accuracy electron beam 
lithography on diamond substrates. By applying high electric fields as a tuning parameter to enhance the magnetic 
field sensitivity of the NV array, a high precision magnetometer can be made without the use of spin-echo sequences. 
The magnetic CCD created will be used to map local magnetic fields of micromagnets, such as those used in spin 
qubit architectures for fast qubit gates [2]. Such a tool could be of great interest for biology and pharmacology, being 
able to map magnetic fields smaller than 0.1 mT over sub-micrometric distances.

[1] Dolde, F. et al. Nat. Phys. 7, 459-463 (2011)
[2] Pioro-Ladrière, M. et al. Nat. Phys. 4, 776-779 (2008)
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(SENSORS.29.P.50.58)   Shedding light into atherosclerosis: a quantitative study of nonlinear optical  
imaging in tracking plaque development 

Leila B. Mostaço-Guidolin1,2, Alex C-T Ko1,2, Mark D. Hewko1, Elicia K. Kohlenberg1, Michael S.D. Smith1,  
Bernie Schattka1, Masashi Shiomi3, Arkady Major2, Michael G Sowa1

1National Research Council Canada, Medical Devices, Winnipeg, Canada, R3B 1Y6
2Dept. Electrical and Computer Engineering, University of Manitoba, Winnipeg, Canada, R3T 5V6

3Institute of Experimental Animals, Kobe University, School of Medicine, Kobe, Japan

Atherosclerosis is a vascular disease which is commonly characterized by an arterial plaque built up, limiting the 
blood flow to vital organs and thus causing life-threatening conditions such as heart attack or stroke. Despite recent 
progress in clinical imaging, early atherosclerosis still cannot be reliably detected. In recent years, nonlinear optical 
imaging microscopy (NLOM) has proven itself as a powerful tool for high-resolution, label-free visualization of 
extracellular bio-morphology in the plaques [1-3]. While most studies presented valuable insight into the composition 
and structural fingerprints of atherosclerotic lesions, very few works actually studied the correlation between such 
extracellular image features with disease progression.   In this study, we focus on establishing a numerical index that 
can be easily used to track atherosclerotic plaque development based on NLOM image statistics.   With imaging data 
collected from 24 WHHL rabbits this index demonstrated a strong correlation with the severity of the atherosclerotic 
lesions, represented by the rabbits’ age. Using this index we could also identify several high-risk locations for plaque 
formation along the blood vessel.  This result was validated with immunohistochemical fluorescence imaging.

 

(SENSORS.29.P.50.59)   Thin film of sol-gel deposited in plastic fiber optic for cholesterol detection

D. A. Razo-Medina1, E. Aguilar-Carrillo1, E. Alvarado-Méndez1*, M. Trejo-Durán1, 
D. Claudio-González1 

1División de Ingenierías, Campus Irapuato-Salamanca (DICIS),
Universidad de Guanajuato,

Com. Palo Blanco s/n 36885, Salamanca, Gto. México
*ealvarad@ugto.mx

In this work we show a film as cholesterol enzyme recognition component, using the Sol-Gel technique. The end 
of plastic optical fiber (optrode) was used as carrier medium of the sol-gel matrix and its fabrication process is 
explained. Concentration of cholesterol in the sample was determinate by using absorbance. A diode laser beam (632 
nm wavelength) is transmitted through the optrode and the variations of intensity are detected by a photoresistor. 
Characteristic curves at different cholesterol concentrations are presented and it is shown that the voltage is 
proportional to cholesterol concentration. 

Keywords: optical fiber; sensor; cholesterol; sol-gel
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(SENSORS.29.P.50.60)   Plasmonic properties of suspended nanodisc structures for enhancement of the 
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Metallic nanostructures possess many advantages for utilization in various applications including sensing 
applications. However, achieving an easy to fabricate platform with high sensitivity performance is considered the 
main challenge in designing such nanostructures. Two factors should be considered when designing a wavelength 
based nanostructured sensor; the field distribution around the nanostructures, and the full width at half maximum 
(FWHM) of the sensor spectral response. In this paper, we study suspended nanodisc structures as a candidate 
for enhancing the electric field distribution in-plane and out of plane axes of the nanodiscs, and hence enhancing 
the probe depth of the nanosensor. Another advantage of the suspended nanodisc structure is that it offers a 100% 
surface coverage, see Figure (1). The Finite Difference Time Domain (FDTD) method is used for the study of 
optical properties as the structure is excited by a Gaussian modulated CW signal to cover the band of interest (400-
1200nm). The structure is composed of symmetrical nanodiscs of radius (r) and thickness (t), and is suspended using 
polymer cylindrical bases of a height (h). Figure (2) compares the plasmonic properties of the suspended nanodisc 
structure and that of the regular nanodisc structure as the suspended nanodiscs display a redshifted extinction peak. 
The resonance location is slightly redshifted with increasing the height of the polymer base in the case of suspended 
nanodisc structure, see Figure (3). It can also be noticed in Figure (3) that another resonance merges as the height 
increases, which is also the case if the period of the structure increases as shown in Figure (4). As expected, the 
resonances are redshifted with increasing the radii of the nanodiscs as shown in Figure (5). The insets of Figures 
(3&5) show the relationship between the resonance wavelength and the height and radii of the suspended nanodiscs 
respectively. The electric field distributions in XY plane and YZ plane are shown in Figure (6) and Figure (7) 
respectively. The local electric field is enhanced as it is distributed in both perpendicular and horizontal planes with 
respect to the plane of gold nanodiscs without altering the FWHM compared to the regular nanodisc structure. This 
is considered as an advantage in sensing applications. Another advantage of this structure is that it can be readily 
fabricated by nanoimprint lithography and gold deposition. 

(SENSORS.29.P.50.61)   Photoacoustic Detection of Aqueous Phosphates Using a Wineglass Resonator

Amy MacLean, Jack Barnes, Tamina Schneider, Hans-Peter Loock

Phosphate detection is an important component of water analysis, as an excess of this growth-limiting nutrient 
is linked to environmental events such as algal blooms, accelerated plant growth and the death of various fish 
and aquatic invertebrates. The standard phosphate assay involves absorbance measurements of the molybdenum 
blue complex, a dye formed through the reduction of the molybdate ion and aqueous phosphate. However, when 
measured at 700-880nm (λmax = 815nm), this method suffers from a relatively high detection limit of 20 ug/L 
(210nM or 20ppb), mostly due to inadequate detector performance.

We have constructed a new photoacoustic setup for us with the molybdenum blue assay to lower the detection limit 
of aqueous phosphate. This technique takes advantage of the non-radiative relaxation pathways of molybdenum blue 
to generate a photoacoustic wave. Using a modulated laser source and wine glass resonator, the generated sound 
wave is detected by means of a optical pickup. The pickup is based on a fiber Fabry-Perot cavity and interrogated 
by the Pound-Drever- Hall frequency locking mechanism. We anticipate a lower phosphate detection limit with this 
method. Additionally, our setup has been successfully used in the detection of other coloured analytes, and could 
easily be coupled to other relevant assays.
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