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Preface

The 23" edition of the International Workshop on Optical
Wave & Waveguide Theory and Numerical Modelling (OWTNM) is
organized at the City University, London, United Kingdom, from April
16™ to April 18™ 2015. This annual workshop has been successfully
organized since 1992 as a forum for enthusiastic scientists in the field
of optics to exchange ideas and discuss problems related to optical
theory, computational modelling, and novel device concepts. Since
1992 the content of the workshop has evolved to incorporate the
latest topical subjects relevant to our community, including
metamaterials and plasmonics.

The OWTNM 2015 encompasses 100 scientific contributions,
including 10 keynotes and invited talks, distributed over 8 oral and 2
poster sessions. The organization benefits from the financial support
of 11 companies and institutions advertised throughout the
workshop on displays, booths, and in this book of abstracts. Adhering
to a tradition of the OWTNM series, a special journal issue of Optical
and Quantum Electronics will be organized on the occasion of the
workshop.

The organizers are looking forward for that new edition to be
as successful as its predecessors in a setting that we hope will be
stimulating for both experienced and younger researchers.

London, March 2015
The local organizing committee
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Activity Time start | Time end Session name and Venue
Registration 08.30 Centenary Building Entrance, Spencer Street
Welcome 09.00 09.15 Birley Lecture theatre, Centenary Bldg
Sessionl 09.15 11.05 Metamaterials (Birley Lecture theatre, Centenary Bldg)
Coffee break 11.05 11.30 DLG 03/08, Rhind Building
Session2 11.30 13.10 Plasmonics (Birley Lecture theatre, Centenary Bldg)
Lunch & postersl 13.10 14.30 Posters 1 DLG 03/08, Rhind Building

Modelling of Active and Passive Waveguide Devices

Session3 14.30 16.35 .
(Birley Lecture theatre, Centenary Bldg)
Coffee break 16.35 16.55 DLG 03/08, Rhind Building
Session4 16.55 18.05 Optical Sensors (Birley Lecture theatre, Centenary Bldg)
Gala Dinner 19.00 22.00 HMS President

Saturday, April 18, 2014

Activity Time start Time end Session name and Venue

Registration 8.45 Centernary Building Entrance, Spencer Street

. Modelling of Resonators and Photonic Devices
Session5 9.15 10.25 .
(Birley Lecture theatre, Centenary Bldg)

Coffee break 10.25 10.50 DLG 03/08, Rhind Building
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Session6 10.50 12.30 .
(Birley Lecture theatre, Centenary Bldg)

Lunch & posters2 12.30 14.00 Posters 2 DLG 03/08, Rhind Building

Modelling methods for Photonics

Session7 14.00 15.25 .
(Birley Lecture theatre, Centenary Bldg)
Coffee break 15.25 15.50 DLG 03/08, Rhind Building
Session8 15.50 16.45 Multiphysics effects in active and functional devices

Closing remarks 16.45 17.00 Student paper prizes; vote of thanks
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10.50 11.05 15 mins Waveguide Tampered by Carbon Nanoforest.
Alexander Popov, Sergey Myslivets, Alexander Kildishev
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Invited Active and reconfigurable CMOS-compatible
Page 25 11.30 11.55 PR, functional complex plasmonic metasurfaces
Professor Harald Giessen, University of Stuttgart
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Registration 08.45
. Modelling of Resonators and
Session5 | 09.15 | 10.25 Talks . .
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25mins Professor Philippe Lalanne, Institut d'Optique
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Generation of Higher Dimensional Modal
Contrib 3
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Nanostructures

Photonic control of thermal radiation leading to

Invited
Page 53 10.50 11.15 ey radiative cooling.
Professor Shanhui Fan, Stanford University
Simulation of high-speed nanophotonic modulators
Contrib 1 based on electrical and two-photon absorption
11.15 11.30 . injection
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Simeon Kaunga-Nyirenda, Hasula Dias, Steve Bull, Jun
Lim, Gaetano Bellanca and Eric Larkins
Interrogating Nanoparticles with Focused
Contrib 2
11.30 11.45 . Doughnut Pulses
15 mins Tim Raybould, Vassili A. Fedotov, Nikitas Papasimakis,
lan Youngs and Nikolay Zheludev
Rigorous retrieval of linear and nonlinear
Contrib 3 i 1
11.45 12.00 . parameters in graphene waveguides
15 mins Alexandros Pitilakis, Dimitrios Chatzidimitriou and
Emmanouil Kriezis
o s Contrib 4 Rod-type Photor[;ic (f[ys;a/(i Forl.Co/Ioida/ Quantum
. . 15 ot lg. t oup ing
Yasir Noori
Contrib 5 Photonic and Plasmonic Quasicrystals
12.15 12.30 . Faris Mohammed and Alex Quandt
15 mins
Lunch &
12.30 14.00 Posters 2
posters2
Session7 | 14.00 | 15.25 Talks | Modelling methods for Photonics
Invited Simulation of photonic nanostructures — mixing
Page 61 14.00 14.25 26 mins nonlinear material theories with Maxwell solvers.
Professor Jens Forstner, University of Paderborn
Contrib 1 Modelling the coupling of electromagnetic waves
14.25 14.40 15 mins to cylindrical waveguides with the Method of Lines
Stefan Helfert
Contrib 2 Computing 3-D Diffraction by Finite Difference
14.40 14.55 15 mins Split-Step Nonparaxial Method
Debjani Bhattacharya and Anurag Sharma
Contrib 3 Modified Finite Element Frequency Domain Using
14.55 15.10 15 mins Gradient Smoothing Technique
Khaled Atia, Ahmed Heikal and Salah Obayya
Reduced Basis Method for Fast Online Solution of
Contrib 4 Scattering Problems
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' ’ 25 mins Professor Luc Thevenaz, EPFL Switzerland
Laser gain compact model for photonic integrated
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In order

List of posters

Session: Day 1

98

Title: Equiangular Spiral Micro-Structured Waveguides in Lithium
Niobate

Authors: Huseyin Karakuzu, Mykhaylo Dubov, Sonia Boscolo,
Yousaf O. Azabi and Arti Agrawal

Day 1

58

Title: Mid-infrared supercontinuum generation using dispersion-
engineered Gel1.5As24Se64.5 chalcogenide rib-waveguide
Authors: Mohammad Karim and Azizur Rahman

Day 1

55

Title: Effect of SPR on the attenuation coefficient of an
Ormocomp nanowire

Authors: Charusluk Viphavakit, Sakoolkan Boonruang, Christos
Themistos, Michael Komodromos, Waleed S. Mohammed and
B.M. Azizur Rahman

Day 1

99

Title: Counter-propagating Airy beams interactions in nonlinear
media

Authors: Delphine Wolfersberger, Noemi Wiersma, Nicolas
Marsal and Marc Sciamanna

Day 1

89
Title: Fast Finite Element Time Domain with Perforated Mesh
Authors: S M Raiyan Kabir and B. M. A. Rahman

Day 1

17

Title: Analysis of a Plasmonic Pole-Absorber Illuminated from a
Specific Direction

Authors: Junji Yamauchi, Shintaro Ohki and Hisamatsu Nakano

Day 1

38
Title: Gain-Equalization of 3-mode groups using dual-core EDFA
Authors: Ankita Gaur and Vipul Rastogi

Day 1

56
Title: Mode mixing in anisotropic metamaterial waveguides
Authors: Andres Barbosa, Greg Wurtz and Anatoly Zayats

Day 1

36

Title: Mimicking photon propagation through 2-D array by a 1-D
array

Authors: Krishna Thyagarajan and Surajit Paul

Day 1

10

37

Title: Graphene based Surface Plasmon Resonance Gas sensor for
Terahertz

Authors: Rajan Jha and Amrita Purkayastha

Day 1

11

9

Title: Multi-path propagation in waveguide media: Fading
emulation assuming large RC network models with pre-
equalization using fractional order models

Authors: Sillas Hadjiloucas, Hashem Alyami and Victor Becerra

Day 1

12

50

Title: Full-vector modeling of thermally-driven gain competition
in Yb-doped large-mode-area photonic-crystal fiber

Authors: Lorenzo Rosa, Enrico Coscelli, Federica Poli, Annamaria

Day 1
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Cucinotta and Stefano Selleri

13 18 Day 1
Title: Counter-circular-polarization Characteristics of a Quarter-
wave Plate Using a Triangular Hole Array in a Metallic Plate
Authors: Junji Yamauchi, Yuhei Takagi and Hisamatsu Nakano
14 15 Day 1
Title: A Polarization Converter Using a Curvilinearly Tapered
Waveguide
Authors: Yuta Nito, Shunya Fujimura, Junji Yamauchi and
Hisamatsu Nakano
15 93 Day 1
Title: Power Budget Analysis for Waveguide-Enhanced Raman
Spectroscopy
Authors: Zilong Wang, Michalis Zervas, Philip Bartlett and James
Wilkinson
16 65 Day 1
Title: Characteristics of Twist Induced Phase Deviation through a
Distinct Dual-mode-fiber in a Sagnac Loop
Authors: Saba Khan, Sudip Chatterjee and Partha Roy Chaudhuri
17 68 Day 1
Title: Detection of Low Magnetic Field using Fiber Optic
Cantilever Technique
Authors: Somarpita Pradhan and Partha Roy Chaudhuri
18 16 Day 1
Title: Wavelength Characteristics of a Waveguide Polarization
Converter with Sidewall-Roughness
Authors: Junji Yamauchi, Takumi Takada and Hisamatsu Nakano
19 79 Day 1
Title: Purcell effect of asymmetric dipole source distributions in
nanowire resonators
Authors: Konstantin Filonenko, Jost Adam, Lars Duggen and
Morten Willatzen
20 100 Day 1
Title: Optimization of textured Si solar cell with array of hut-like
micro pillars
Authors: Francisco Jose Cabrera Espafia, Arti Agrawal and B. M. A.
Rahman
21 60 Day 1
Title: Accurate and efficient arrayed waveguide grating
simulations for InP membranes
Authors: Bernardo Gargallo, Yuging Jiao, Pascual Mufioz, Jos van
der Tol and Xaveer Leijtens
22 77 Day 1
Title: Optimization of an Integrated Mach-Zehnder
interferometer using the Fisher Information
Authors: Nevena Raicevic, Aleksandra Maluckov and Jovana
Petrovic
23 39 Day 1

Title: Fiber based Plasmonic Sensor using Graphene oxide
encapsulated Au-nanoparticles
Authors: Jeeban Nayak and Rajan Jha
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24 14 Day 1
Title: Travelling Wave Model Approach for Longitudinal
Multimode Dynamics in Multi-Section Lasers
Authors: Antonio Perez-Serrano, Mariafernanda Vilera, Julien
Javaloyes, Jose Manuel G. Tijero, Ignacio Esquivias and Salvador
Balle
25 20 Day 1
Title: Transmission Spectra in a Multilayer Photonic Structure
Authors: Eudenilson Albuquerque, U. L. Fulco and M. S.
Vasconcelos
26 90 Day 1
Title: Dynamics of decelerating pulses at a dielectric layer
Authors: Alexander Nerukh, Denis Zolotariov, Olga Kuryzheva and
Trevor Benson
27 71 Day 1
Title: A Switchable Figure Eight Fiber Laser Based on Inter-Modal
Beating By Means of Non-Adiabatic Microfiber
Authors: Ali Jasim
28 11 Day 1
Title: Effect of Filling the Surface Texture with Metamaterial on
Spoof Surface Plasmon Dispersion
Authors: Tatjana Gric, Jaromir Pistora and Michael Cada
29 76 Day 1
Title: Effect of wavelength and graphene layers on the SPR
sensitivity
Authors: Kaushalkumar Bhavsar and Radhakrishna Prabhu
30 8 Day 1
Title: Modelling of Polarization and Wavelength Insensitive Single
Mode Al203 Rib Waveguides for Active and Passive Applications
Authors: Mustafa Demirtas, Ayberk Ozden and Feridun Ay
31 102 Day 1
Title: Advanced bifurcation analysis of a laser diode with phase-
conjugate optical feedback
Authors: Marc Sciamanna, Emeric Mercier, Andreas Karsaklian
Dal Bosco, Martin Virte, Lionel Weicker and Delphine
Wolfersberger
32 78 Day 1
Title: Investigation of Confinement Losses in Photonic Crystal
Fibre
Authors: Jincy Johny, Radhakrishna Prabhu and Wai Keung Fung
33. 69 Day 1

Title: Modelling the optical properties of mixed ionic and
electronic conductors (MIECs) with reversible ion
intercalation

Authors: Francesco Morichetti, Lea Luken, Frank
Berkemeier, Guido Schmitz, Hans-Dieter Wiemhofer and
Andrea Melloni
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In order List of posters Session: Day 2

1 53 Day 2
Title: Diffraction Suppression and Soliton Formation in Binary
Plasmonic Lattices
Authors: Yao Kou and Jens Forstner

2 63 Day 2
Title: Efficient Optical Modeling of Graphene
Authors: Roberto Armenta, Jens Niegemann, James Pond and Adam
Reid

3 75 Day 2
Title: Analysis of modal spectrum and associated thresholds of a
silver-strip plasmonic nanolaser as a novel light emitter
Authors: Olga V. Shapoval and Alexander |. Nosich

4 32 Day 2
Title: Numerical Investigation of a Fiber Grating Coupler on SOl for
SDM
Authors: Benjamin Wohlfeil, Sven Burger, Frank Schmidt, Christos
Stamatiadis, Lars Zimmermann and Klaus Petermann

5 72 Day 2
Title: Numerical Investigation of the Photon-Extraction Efficiency for
InGaAs/GaAs Quantum Dots in Microlens-Mirror Structures
Authors: Benjamin Wohlfeil, Sven Burger, Frank Schmidt, Sven Rodt
and Stephan Reitzenstein

6 46 Day 2
Title: Modified Grating for High Absorption Enhancement Thin Film
Solar Cell
Authors: Muhammad Muhammad, Mohamed Hameed and Salah
Obayya

7 45 Day 2
Title: Semi-vectorial Sinc-Galerkin Method with Domain
Decomposition for Optical Waveguides Analysis
Authors: Amgad A. EI-Mohsen, Ahmed Heikal and Salah Obayya

8 84 Day 2
Title: Optimization of Gold Nanorod Arrays for SERS analysis of CTCs
Authors: Jonathan Calderdn, Maria Isabel Gdmez and Daniel Hill

9 57 Day 2
Title: Acousto-optical Interaction in Ge-doped Silica Planar Optical
Waveguide
Authors: Mohammed Moseeur Rahman and B. M. A. Rahman

10 29 Day 2
Title: Modelling of microbending loss in optical fibres
Authors: Xianging Jin, Dominic O'Brien and Frank Payne

11 54 Day 2

Title: 1D Glass Bragg grating analysis for integrated Raman pump
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filtering in the visible
Authors: Alain Morand and Pierre Benech

12 81 Day 2
Title: Design Methodology for Metal Clad Polarizer in SOI
Waveguides
Authors: Shivani Sital and Enakshi Khular Sharma
13 82 Day 2
Title: Design of compact polarization splitter using silicon
nanowiresAuthors: Sasan Soudi and B. M. A Rahman
14 96 Day 2
Title: Tunable Mid-IR Fiber-Optic Parametric Sources
Authors: Satyapratap Singh, Viswatosh Mishra and Shailendra
Varshney
15 70 Day 2
Title: Photon control by multi-periodic binary grating waveguides: A
coupled-mode theory approach
Authors: Jost Adam, Hannes Liider and Martina Gerken
16 30 Day 2
Title: Coupled Electromagnetic —-Thermal Model for Plasmonic
Waveguides
Authors: Ahmed Elkalsh, Ana Vukovic, Trevor Benson and Phillip
Sewell
17 67 Day 2
Title: Modelling Multiphysics Effects in Optical Components
Authors: Alon Grinenko
18 97 Day 2
Title: PIC Tunable Double Outputs Coupler in MDM system
Authors: Weifeng Jiang, Xiaohan Sun, Na Dong, Chao Pan, Ningfeng
Bai and Xu Liu
19 44 Day 2
Title: Surface Plasmon Resonance Liquid Crystal Photonic Crystal
Fiber Temperature Sensor
Authors: Mohamed Hameed, Shaimaa Azzam and Salah Obayya
20 59 Day 2
Title: Efficient O — band superluminescent diode with wide optical
bandwidth and high power
Authors: Mohammed Zahed Mustafa Khan, Hala H. Alhashim, Tien
Khee Ng and Boon Ooi
61 Day 2
21 Title: Coupling mechanisms and field confinement in a hybrid
plasmonic-photonic crystal resonator for enhanced optical trapping
Authors: Mina Mossayebi, Alberto Parini, Amanda J. Wright, Eric
Larkins, Gaetano Bellanca and Mike Somekh
22 4 Day 2

Title: Vertical Mode Expansion Method for Scattering of Light by
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Nanocylinders
Authors: Xun Lu and Ya Yan Lu

23 85 Day 2
Title: Floquet Bloch Analysis of Hill's Equation with Analytically
Solvable Potentials
Authors: Stuart Caffrey and Gregory Morozov

24 83 Day 2
Title: Nano-Porous Silicon Waveguides for Optical Sensors
Authors: Tanya Hutter, Stephen R. Elliott and Nikos Bamiedakis

25 27 Day 2
Title: Square-Lattice Index-Guiding Microstructured Optical Fibers:
An Analytical Field Model
Authors: Dinesh Kumar Sharma, Anurag Sharma and Suarabh Mani
Tripathi

26 34 Day 2
Title: Approximate Modal Analysis of Dielectric-loaded Surface
Plasmon Polariton Waveguide on Metal Strip of Finite Width
Authors: Kanchan Gehlot and Anurag Sharma

27 21 Day 2
Title: Plasmon-polaritons in Photonic Crystals
Authors: Umberto Fulco, Eudenilson Albuquerque and Luciano Da
Silva

28 74 Day 2
Title: WGM Microrod Laser Fabricated by pulsed CO2 Laser
Micromilling
Authors: Shahab Bakhtiari Gorajoobi, Ganapathy Senthil Murugan
and Michalis Zervas

29 94 Day 2
Title: Lasing Threshold of Plasmon Mode of Silver Nanowire Grating
Embedded in a Partially Active Dielectric Slab
Authors: Volodymyr Byelobrov

30 73 Day 2
Title: Finite Element and FDTD Characterizations of Light
Propagation through Lossy Insect Ommatidia
Authors: M. Enayet Rahman and B.M. Azizur Rahman

31 47 Day 2

Title: In-fibre whispering gallery mode microresonator: a two-sphere
coupled system

Authors: Kyriaki Kosma, Kay Schuster, Jens Kobelke, George
Nikolopoulos and Stavros Pissadakis

17



18



XXIII INTERNATIONAL WORKSHOP ON OPTICAL WAVE AND WAVEGUIDE THEORY AND NUMERICAL
MODELLING

SESSION 1

Metamaterials

LONDON 2015

City University London

19



All-dielectric nanophotonics: Magnetic response,
Fano resonances, functional metasurfaces, and nonlinear effects

Yuri S. Kivshar
Nonlinear Physics Center, Australian National University, Canberra ACT 0200, Australia

ysk124@physics.anu.edu.au

This talk will review a new, rapidly developing field of all-dielectric nanophotonics and discuss many novel
interesting physical effects including “magnetic light” and engineering of magnetic response, magnetic Fano
resonances, resonant magnetoelectric effects, all-dielectric metasurfaces, and enhanced nonlinear effects.\

Metamaterials are artificial electromagnetic media structured on the subwavelength scale; they were
suggested initially for the realization of negative refractive index and superlensing applications, but
very soon they became a paradigm for engineering electromagnetic space by means of
transformation optics. The research agenda is now focusing on the realization of metadevices that
can be defined as metamaterial-based devices with novel functionalities achieved by structuring of
functional matter on the subwavelength scale [1]. However, up to now, a majority of such structures
included metallic elements and thus suffers from high dissipative losses at optical frequencies,
dramatically limiting their performance. One of the canonical examples is a split-ring resonator, an
inductive metallic ring with a gap that is a building block of many metamaterials. Thus, the big
question now is: How to remove metallic components from metamaterials but maintain electric and
magnetic responses enabling low loss metadevices at the nanoscale?
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Figure 1. Examples of all-dielectric metasurfaces with optically resonant electric and magnetic responses:
nanoantenna oligomers, regular square array of silicon nanoparticles, and magnetic metasurface.

Recent developments in the physics of metamaterials stipulated a birth of a new branch of
nanophotonics dealing with optically-induced magnetic response of high-refractive-index dielectrics
rather than metallic components. Unique advantages of dielectric nanostructures over metallic
plasmonic structures are their low dissipative losses that provide new and competitive alternatives
for many types of metadevices including nanoantennas and optical metasurfaces.

This talk will overview the recent developments of this research direction in nanophotonics
exploring the electric and magnetic responses of dielectric nanoparticles due to Mie resonances.
Optically resonant dielectric nanoscale structures are the best candidates for the emerging field of
metadevices with unique functionalities well beyond the capabilities of currently existing devices.
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Chiral and bianisotropic metamaterials for THz polarization control
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A variety of THz chiral metamaterial structures is discussed and demonstrated. The structures show strong
chiral response, both passive and dynamically (optically) controllable, offering thus unique possibilities for
passive and active THz polarization control.

Introduction

Chiral metamaterials, due to their strong chiral response, can provide a unique vehicle for the
control of wave polarization. Such a control is particularly important in the THz region where most
of the natural materials do not show strong response (therefore they are not offered for the creation
of THz manipulation components), given the great application-potential of the THz waves,
especially in security and sensing.

Structures and results

Here we discuss our recent work on THz chiral metamaterials, both passive and dynamically
controllable. The passive structures studied, which are shown in Fig. 1, have been fabricated on
flexible substrates using UV lithography and show strong chiral response; this strong response is
translated to large optical activity, large circular dichroism and negative refractive index for both
left- and right-handed circularly polarized waves [1]. The dynamically controllable structures have
been obtained by incorporating in the passive structures photoconducting Si which is transformed
from an insulating to a conducting state by photoexcitation, altering thus the metamaterial response.
Using this approach strong switchable chirality is demonstrated [2].
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Fig. 1. The THz planar chiral designs studied in the present work. Fig. 2. A three-dimensional
bianisotripic structure showing
asymmetric transmission.
Additional polarization control capabilities to those obtained by the bi-isotropic chiral structures
shown in Fig.1 can be obtained by properly designed anisotropic structures. Such a structure is
shown in Fig. 2. Employing the structure of Fig. 2, which is fabricated by direct laser writing, we
demonstrated polarization dependent asymmetric transmission response for linearly polarized
waves [3]. Such a response offers additional potential for polarization control, as it facilitates
polarization isolation applications.
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Optical Grating or Lattice Resonances on Silver Strip and Wire Gratings
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Abstract This is a mini-review of the nature and the history of discovery of the high-quality natural modes
existing on periodic arrays of many sub-wavelength scatterers.

Summar

In the opzcal range, metal nanoparticles display localized shape-dependent surface-plasmon (LSP)
resonances. For a circular wire in free space single LSP peak is observed in the H-polarization case
near the wavelength 2 where dielectric permittivity Reen(47)=-1 that is 330 nm for silver. For a
rectangular-section silver strip, several LSP resonances appear if standing waves are formed along
the strip sides. Their Q-factors are low, about |Res.,(2")|/Imeq(27). In the E-polarization case

there are no LSP-like modes and associated resonances.

Besides, if many nanostrips or nanowires are placed periodically, they show the presence of
absolutely different resonances with much larger Q-factors, which grow with the number of
elements and take certain limiting values for infinite gratings. These are the resonances on the
grating (or lattice) modes (GMs) sitting very close to Rayleigh anomalies.

It is interesting to compare the characteristics of the nanogratings made of comparable silver wires
and silver strips, in the two alternative polarization regimes. Such comparison is shown in Fig. 1 for
wires of the radius 48.85 nm and strips of the cross-section 50 nm x 150 nm and the period 800 nm.
As one can see in panel (a), in the H-case each nanograting displays a broad Lorentz-shape LSP-
resonance at the corresponding wavelength. Besides of that, each grating produces two super-
narrow GM-resonances at the wavelengths slightly up-shifted from the Rayleigh anomalies. Note
that the LSP-mode wavelengths are very different however the GM ones agree well.

In the case of the E-polarization depicted in panel (b), no resonances are visible at all although the
GM poles exist for all gratings in both polarizations [1]. The reason that they are not seen is in the
Q-factors of GM poles, which in the E-case are |, [* times lower than in the H-case that is a factor

varying from 25 at 400 nm to 1100 at 800 nm. This “invisibility” of the optical GM-poles in the E-
polarization scattering regime has been apparently hindering correct identification of their nature.
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Fig. 1. Power fractions vs. wavelength, for two types of silver gratings and two polarizations
Conclusion The optical GM resonances are more promising for applications than usual LSP ones.
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Modelling coherent nonlinearities in nanostructured plasmonic metamaterials
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Introduction

Second harmonic generation (SHG) from noble metal nanostructures has been extensively studied
due to the unique optical properties offered by both localized surface plasmons and their

hybridization in complex nanostructured systems to enhance the efficiency [1,2,3].

Summary

We have developed a full-vectorial numerical
model to study SHG at gold nanorod-based
plasmonic metamaterials. Our frequency-
domain  (FD) implementation of the
hydrodynamic model of the metal permittivity
for bound and conduction electrons allowed to
achieve a full description of the nonlinear
susceptibility followed by scattering of the local
electromagnetic fields. We show that the
nanorod-based hyperbolic metamaterial with the
epsilon-near-zero frequency tuneable across the
visible and near-IR frequency range, exhibits a
set of SHG resonances enabling a multi-
resonant coherent response both at the
fundamental and harmonic frequencies (Fig.1).

Conclusion

Results
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Fig. 1. (a) Reflectance and (b) Transmitted SH

power in logiwo scale obtained using FD based on the
hydrodynamic model.

The developed FD method facilitated modelling of second-harmonic generation processes in
metamaterials in elliptic and hyperbolic regimes and allows the tailoring SHG conversion efficiency

in metamaterials.
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We show that particular spatial distributions of carbon nanotubes enables extraordinary nonlinear-optical prop-
agation processes commonly attributed to negative-index metamaterials. The possibility of great enhancement
of frequency conversion is demonstrated with numerical simulations.

Metamaterials (MM) are artificially designed and engineered materials, which can have properties
unattainable in nature. Usually, MM rely on advances in nanotechnology to build tiny metallic nanos-
tructures smaller than the wavelength of light. These nanostructures modify the electromagnetic
(EM) properties of MM, sometimes creating seemingly impossible optical effects. Negative-index
MM (NIMs) are most intriguing EM materials that support backward EM waves (BEMW). Phase ve-
locity and energy flux (group velocity) become contra-directed in NIMs. The appearance of BEMW
is commonly associated with simultaneously negative electric permittivity (e < 0) and magnetic per-
meability (1 < 0) at the corresponding frequencies and, consequently, with negative refractive index
n = —,/pe. Counter-intuitive backwardness of EMW is in strict contrast with the electrodynamics
of ordinary, positive-index materials. The possibility of huge enhancement of nonlinear-optical fre-
quency conversion processes has been predicted through three-wave mixing in NIMs if one of the
coupled electromagnetic waves falls in the negative-index frequency domain. Among them are sec-
ond harmonic generation, optical parametric amplification and frequency-shifted nonlinear reflectiv-
ity [1, 2]. Current mainstream in fabricating bulk NIM slabs relies on engineering of LC nanocircuits -
plasmonic mesoatoms with negative electromagnetic response. Extraordinary coherent nonlinear op-
tical frequency-converting propagation processes predicted in NIMs have been realized (simulated) so
far only in the microwave. This paper proposes a different paradigm which employs spatial dispersion
[3, 4] to realize outlined processes. We show that metamaterial slabs made of carbon nanotubes may
support coexistence of ordinary electromagnetic waves with co-directed phase velocity and energy
flux (Ow/0k > 0) and extraordinary optical modes with contra-directed phase and group velocities
(Ow/0k < 0). Numerical simulations of nonlinear optical frequency-mixing of contra-propagating
ordinary short optical pulses and pulses with negative group velocity has shown the possibility of
greatly enhanced energy exchange between the coupled waves in such MMs.

This work was supported in parts by the NSF (Grant ECCS-1346547), by the AFOSR (grant FA950-
12-1-298), by the ARO (Grant W911NF-14-1-0619) and by the Russian Foundation for Basic Re-
search (Grant RFBR 15-02-03959A). We thank 1. S. Nefedov for inspiring inputs.
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Introduction

We demonstrate active mid-infrared plasmonics using the phase-change material germanium-
antimony-telluride (GST) in combination with different complex plasmonic structures. GST is a
truly phase changeable material which can be in a crystalline as well as in an amorphous phase.

Summary

Switching of GST from one phase into another can be accomplished by slow or rapid heating and
cooling. The switching temperature is between 65 and 70 °C. This material is also well know from
rewritable CDs and DVDs and hence available in excellent and CMOS compatible quality.

In order to demonstrate the versatility, we demonstrate a variety of different concepts. First, we are
going to show tunable and switchable chirality. C4-symmetric resonant plasmonic nanoantennas are
stacked above each other with CST sandwiched inbetween. Heating the GST above the phase
transition temperature and cooling it back down allows for shifting the plasmonic resonances due to
the change of refractive index from about 3 to about 6. The plasmonic resonances exhibiting strong
circular dichroism (CD) are designed to be situated in the mid-infrared spectral region, where GST
losses are low. Therefore, the CD resonances can be shifted by roughly 20% in wavelength. Biasing
the structure with a reverse plasmonic chiral structure, it is possible over a dedicated wavelength
band to switch chirality from right- to left-handed and vice versa.

In another concept, we devised a perfect absorber with near-diffraction limited pixel sizes that were
able to absorb spectral bands in the mid-IR. These spectral bands were correlated to peak
temperatures of a Planck distribution of a heated body. Also, using GST, the spectral response was
tunable and could be shifted in order to carry out background correction. It was possible to operate
the device at room and low temperature.

Conclusion

Combining complex plasmonic metamaterials and metasurfaces with function layers can result in
active, switchable, and reconfigurable devices that offer functionality in the mid-IR spectral region
for tunable chirality, chiral switching, as well as tunable and temperature-selective perfect
absorption.
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Comparing plasmonic waveguides: a comprehensive figure of merit
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We will present a comprehensive figure of merit for passive plasmonic waveguides. For the first time the
figure is derived in terms of ultimate global characteristics of the waveguide circuitry benchmarking its
performance for on-chip data communication: bandwidth and power dissipation values per circuit unit area.

Introduction

Optical data lines with their high bandwidth propose a new paradigm for on-chip data
communications. At the same time, the cross-sectional size of traditional optical waveguides where
the signal is transferred by photons is inherently limited by the diffraction limit of light, which leads
to the fundamental mismatch between the integration level of electronic and photonic circuits:
nanometer vs. merely sub-micrometre levels.

Summary

Transferring the optical signal in the form of surface plasmon polaritons, which are electromagnetic
waves coupled to free electron oscillations localised at a dielectric-metal interface, offers a unique
solution for this problem. Following this approach, a huge variety of plasmonic waveguiding
geometries has been proposed which cover the whole range of achievable mode sizes and signal
propagation lengths. In these circumstances, a figure of merit (FOM) for quantitative
characterisation of their performance is needed. For the first time, we will derive it on the basis of
ultimate global characteristics of the waveguide circuitry, benchmarking its performance
particularly for on-chip data communication through a ratio of bandwidth b to power dissipation
p, both per circuit unit area. These parameters are linked to the local waveguide characteristics:

Fom =2 B.ﬂ{'—m(r)} |
P dsep r max

where B is the bandwidth of an individual waveguide [1], L .  is the propagation length along a

prop
straight waveguide, d__  is a separation distance between two parallel waveguides [2,3],

sep

[Lwt(r)/r]max is the optimal value of ratio of the propagation length of the mode in the curved

section of the waveguide to the bending radius. Interestingly, the derived FOM provided a general
validation of the local FOMs [2,3], underlining different characteristics of waveguide performance,
e.g. transmission coefficient vs. propagation length along a curved section. Furthermore, it revealed
previously overlooked importance of individual waveguide bandwidth.

Conclusion

The obtained figure of merit provided new insights in the performance of the main types of
plasmonic waveguides and showed the ability to efficiently benchmark plasmonic circuitry on the
basis of waveguides having hugely diverse characteristics as well as to optimise the particular
designs.
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Optical bistability with hybrid silicon-plasmonic resonators is studied with a theoretical framework
combining perturbation theory, coupled mode theory and the finite element method. Each physical system is
designed so as to exhibit minimum power threshold and maximum extinction ratio between bistable states.

Introduction

Nonlinear phenomena based on the third-order susceptibility or free-carrier effects can be a
favorable approach towards designing functional plasmonic components featuring fast response and
all-optical operation. When combined with resonant structures, nonlinearity can lead to optical
bistability, offering a route towards memory or switching elements. Importantly, the intensity build-
up in the resonator leads to reduced power requirements compared to non-resonant approaches.

Results

Figure 1(a) depicts a travelling-wave (disk) resonator comprising a )((3) nonlinear polymer
(DDMEBT) side-coupled to an access waveguide. The physical implementation is based on the
nonlinear conductor-gap-silicon (NLCGS) hybrid plasmonic waveguide [1] which allows for
nanonscale confinement and at the same time low propagation loss, thus favoring the manifestation
of optical bistability. By conducting rigorous 3D simulations we find that R=1 um minimizes the
power required for bistability and g=225 nm results in critical disk-waveguide coupling maximizing
the extinction ratio (ER) between bistable states [2]. The corresponding hysteresis loop is depicted
in Fig. 1(b). Bistability manifests for optical powers just above 1W with the ER being theoretically
infinite. Importantly, the instantaneous nature of y**’ nonlinearity permits the system to switch
between states in less than 5 ps, rendering the proposed structure suitable for ultrafast
memory/switching applications. Carrier-induced bistability with travelling- or standing-wave hybrid
plasmonic resonators [Fig. 1(c)] is also examined since a Si layer is present in the structure giving
rise to two-photon absorption. Such implementations lead to reduced power thresholds of few mW
but are associated with ns response times due to the relatively slow process of carrier diffusion.
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Fig. 1. (a) NLCGS-based disk resonator coupled to CGS access waveguide. (b) Bistability curve for a disk-
waveguide system with R=1 um and g=225 nm. For P;,=PA=1.12 W the system exhibits bistable states with
theoretically infinite ER. (c) Standing wave resonator with Bragg reflectors for carrier-induced bistability.
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We present a theoretical investigation of the energy transfer efficiency between a pair of quantum
emitters in the presence of a graphene monolayer. At small distances an enhanced direct interaction
between the quantum emitters dominates, while at larger separations efficient energy transfer occurs
via the graphene plasmon mode.

Overview

Graphene is a 2D material with interesting plasmonic properties which can be tuned by
varying the applied voltage [1]. Furthermore, it exhibits lower material losses compared to
conventional plasmonic materials. An excited donor quantum emitter (QE) can relax through
spontaneous emission (SE) or, if a second QE is present, by transferring its excitation to the
second QE. These two processes are competitive thus an energy transfer (ET) efficiency is
introduced. Both of these processes are strongly influenced through the interaction of the QEs
with a graphene monolayer (GM). At small donor-acceptor distances the Forster contribution
dominates and the characteristic distance, at which the ET efficiency is 50%, is enhanced
from its free-space value of 20nm to 120nm. As the separation is increased the graphene
plasmon (GP) contribution dominates.

Results
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Fig. 1. (Right) ET efficiency of a QE emitter placed at r=(0,0,10nm) (Left) ET efficiency varying the
chemical potential, u, for different position of the donor-QE

We use QEs which they resemble real physical systems. Fig.1(Right) presents a contour plot
of the ET efficiency for a donor placed at 10 nm above the GM, r, = (0,0,10nm), and
varying the acceptor position in the xz-plane. Close to the GM and for separations up to
300nm we see that the ET efficiency has values above 50%. In panel Fig.1(Left) we present
the tunability of the ET efficiency, for a fixed separation of the acceptor from the donor,
100nm and at two heights above the GM, z, =5nm and z, =10nm, with varying chemical
potential, u. For values of u below 0.5eV the GP interaction is switched-off and thus the ET
efficiency is small. Above values of u =0.5eV the excitation of the GP mode leads to
efficient ET between donor and acceptor.

Conclusion
Graphene plasmons greatly enhance the ET range and efficiency between a pair of QEs.
Furthermore, the energy transfer characteristics can be tuned via the chemical potential.

References
[1] F. J. Garcia de Abajo ACS Photonics, 2014, 1(3), pp 135-152

29



Vertical mode expansion method for transmission of light through an arbitrary
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Applications of a vertical mode expansion method (VMEM) with horizontal boundary integral equations, are
presented for the study of transmission of light through a subwavelength cylindrical aperture in a metallic film,
where the aperture has an arbitrary cross section with a smooth boundary.

Method

The VMEM [[1]] is a recently developed method for multiply-layered structures. A metallic film which
is parallel to the zy plane with a cylindrical aperture can be considered as a multiply-layered structure.
We denote the 3D cylindrical region corresponding to the aperture as S, and the region outside as
So. The common boundary of cross sections of Sy and S; is I'. By VMEM, the difference between
the total electromagnetic filed and “1D” solution in .S; with [ € {0, 1} is expanded in vertical modes
which consist of ¢;(z) and V;(x,y), where ¢;(z) satisfies an eigenvalue equation in z direction and
V;(z,y) satisfies 2D Helmholtz equation in the cross-section of .S;. The vertical modes are calculated
by a Chebyshev pseudospectral method with the truncation of z by perfectly matched layers. With
the help of boundary integral operators on I', we construct matrix approximations of the Neumann-
to-Dirichlet maps which map 0,V; to V; on I, then 0,V are solved from a linear system established
on the boundary of the cylinder by matching F,, H,, E,, H,, where v and 7 are the unit normal and
tangential vectors on [ in the xy plane.

Results

We calculate the transmission of light through a C-shaped aperture in a silver film with thickness
120nm.

Normalized transmission
N

O n L n L L L
05 07 09 11 13 15
Wavelength (um)

Fig.1. The aperture (d = 100nm) in zy plane.  Fig.2. Normalized transmission for the left aperture.
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We present a fully first principles study of the plasmonic properties of metal-doped ZnO derivatives,
proposed as plasmonic materials for energy conversion applications and telecommunications.

Introduction

Noble metals such as gold and silver are conventionally used as the primary plasmonic building
blocks in the fields of the telecommunications and energy conversion [1]. However, metals are
plagued by large losses, especially in the UV—vis and IR spectral ranges, arising in part from
interband electronic transitions and in part from dissipative scattering events. These losses are
detrimental to the performance of plasmonic devices. As an alternative, transparent conductive
oxides (TCOs) can exhibit a high conductivity and very small losses at the infrared and longer
wavelengths: the necessary requirements for good plasmonic materials [2].

Summary

Here we present a first principles investigation of the optical and plasmonic properties of metal-
doped ZnO systems, based on density functional theory, within the Random-Phase-Approximation.
We first demonstrate the TCO character of metal-doped ZnO crystals, and their bulk plasmon
properties. Then, we show the formation of SPP resonances at Al:ZnO/Zn0O interfaces, and their
dependence on doping dosage. Finally, we study the plasmon properties of In-doped nanowires.

Results

Our results [3-4] predict realistic values for the plasma frequency and the free electron density as a
function of the metal (Al, In) doping, in agreement with recent experimental results. These systems
present tunable plasmonic activity in the near-IR range and in particular at wavelength relevant for
energy conversion devices and telecommunications (1,5 um) [4]. In-doped ZnO wires result to be
stable highly doped 1D materials, maintaining good plasmon properties.

Conclusion

Our results reveal the microscopic mechanisms that regulate the plasmonic behavior in ZnO
derivatives, and complement the newest experimental findings in confirming that TCOs are very
promising materials for plasmonic applications, also at the nanoscale.
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The Extraordinary World of Optical Waveguides

David N Payne
Director
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ABSTRACT

The great success of optical fibre waveguides in
telecommunications has  generated numerous
applications in a number of related fields, such as
sensing, biophotonics and high-power lasers. The
topic remains extraordinarily buoyant and new
materials, structures and applications emerge
unabated. The talk will review recent developments
and explore future possibilities.

TELECOMMUNICATIONS

Following in the footsteps of Marconi and the
revolution of wireless, the internet is perhaps the
most important and life-changing invention of the
20th century. It too required the invention of a new
global communication medium capable of carrying
vast quantities of information across trans-oceanic
distances, reliably, cheaply and efficiently. This
turned out to be the unpredictable, unlikely and
extraordinary role of optical waveguides (fibres)
made from the two most common elements of the
earth’s crust, silicon and oxygen (silica).

In recognition of the huge impact of his invention,
Charles Kao was awarded the Nobel Prize for
Physics in 2009, while Charles Townes, who
provided the laser, was similarly honoured in 1964.

As with all new and disruptive concepts, the optical
internet has proven a rich source of innovation, from
the optical amplifier that compensates for losses in
long spans of fibre, through new forms of digital
communications appropriate to light as a carrier, to
new materials and lasers. Perhaps even to quantum
technologies for the future.

But is the innovation over? The demand for
capacity continues unabated, fuelled by demand for
faster connections and a new age of creativity at
home — You Tube, Twitter, Facebook — as well as an
insatiable demand for high quality videos. You
Tube alone consumes more bandwidth today than the
entire internet in year 2000 and projections show that
a capacity crunch looms in both the internet optical
backbone and the wireless final drop in the next

decade or so. Yet we are still on the first hardware
iteration of the optical infrastructure, so is there an
internet 2.0 and is it man enough to support the
internet of things?

FIBRE LASERS

Incredibly, the same fibre waveguides that carry tiny
internet signals when doped with rare-earths can
generate more than 20 kilowatts of power, sufficient
to cut through inch-thick steel. For the first time, we
have a low-cost gain medium that can be produced in
lengths of hundreds of kilometres. By analogy with
the internet, this leads to the radical concept of fibre
laser circuits consisting of thousands of lasing strands
combined together into a single, controllable beam of
immense power.

The exquisite control of the laser offered by the
waveguide environment makes coherent beam
combination a possibility for very large numbers of
fibre amplifiers fed from a common seed laser,
perhaps to power levels in the megawatt regime. As
with a radar antenna, coherent combination in a
phased-array configuration with active phase control
of the individual beams allows control of the spatial
beam profile, as well as a degree of beam steering
and adaptive optics. In the ICAN project we are
currently investigating the possibility of using
coherently combined femtosecond fibre sources to
drive Wakefield accelerators for particle colliders in
an initiative led by G. Mourou and T. Tajima. The
high average powers required makes the high
efficiency of fibres a necessity. Although many
thousands, perhaps millions, of fibre channels will
have to be combined, the manufacturability,
scalability and reliability of active fibre technology
makes this a realistic proposition over the next few
decades.

Whether by beam combination or the intrinsic control
and flexibility of an individual laser, high-power
fibre sources are truly revolutionary in the
performance they offer and the applications they
enable in science and industry.
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The essential elements of low loss in hollow optical fibres

Jonathan C. Knight"* Walter Belardi, Fei Yu
'Department of Physics, University of Bath, Bath, BA2 7AY, United Kingdom
*j.c.knight@bath.ac.uk

Improving on the performance of state-of-the-art optical fibers represents a massive design
challenge. We describe how to form microstructured hollow core fibers with low attenuation, low
dispersion and high damage thresholds.

Background

In many ways, hollow-core fibers represent a “holy grail” of optical fiber design, in which the fiber
performance is uncoupled from the limitations of the material used to form it. Microstructured
cladding material has long been recognized as an effective means to trap light in a hollow core.
However, the physics of such structures is complex and sometimes poorly understood. We have
recently re-evaluated the role played by some of the structural elements in widely-used fiber
designs, and come up with simplified fiber designs with record-breaking properties.

Summary

In our simplified designs for microstructured hollow-core fibers, the structure of the fiber core is
pre-eminent. The size, shape and thickness of the core wall is fundamental to determining the
properties of the final fiber. It is almost invariably better to optimise these parameters than to be
concerned with the semi-infinite cladding material which lies beyond the core wall. We describe the
required structural features and the resulting fiber characteristics.

Results

The basic feature of a low loss hollow core microstructure fiber is that it be anti-resonant [1].
Introducing an inverted core wall curvature reduces the interaction between the core-guided mode
and the “glassy” cladding modes and extends the low-loss spectral window. The core size should be
large to reduce attenuation, nonlinearity, dispersion and to increase the damage threshold. This can
lead to bending loss which can be addressed by forming the core walls using non-touching circles of
glass [2]. Leakage loss is then limited by coupling to “airy” cladding modes and this can be reduced
by modifying the structure outside of the core wall [3].

Conclusions

Simple designs can nonetheless achieve high performance in hollow core fibers. These fibers
already outperform standard fibers in many ways and have great potential for further improvement.
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Planar waves that climb dielectric steps

Manfred Hammer*, Andre Hildebrandt, Jens Forstner
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Oblique semi-guided light propagation across linear folds of slab waveguides is being considered. Exploiting
a Fabry-Perot-like resonance effect, we observe virtually full transmission of laterally plane waves, and of
laterally wide semi-guided beams, through step configurations consisting of two sharp 90° waveguide corners.

Incidence of semi-guided waves on folded slab waveguides at oblique angles

Sheets of slab waveguides with sharp corners are investigated. Referring to the schematic in part (a)
of the figure, we consider the propagation of vertically (z) guided, laterally (y, z) unguided plane
waves at oblique angles of incidence 6, relative to discontinuity along the y-axis. Following a line of
arguments resembling Snell’s law, one finds that radiation losses vanish beyond a certain critical angle
of incidence. One can thus realize lossless propagation through 90° corner configurations, where the
remaining guided waves are still subject to pronounced reflection and polarization conversion. For
the Si/SiO,-like parameters as given for the figure, simulations with a rigorous quasi-analytic solver
[1]] predict extremal levels of 74% transmittance and 26% reflectance for a 90° corner at § = 41°.

Full transmission across resonant step configurations

A system of two corners can be viewed as a structure akin to a Fabry-Perot-interferometer, where
the corners work as partial reflectors. By adjusting the height of the vertical waveguide segment one
identifies step-like configurations that transmit the semi-guided plane waves without radiation losses,
and virtually without reflections, at specific angles of incidence. For the example shown in the figure,
our simulations predict levels of transmittance 7' = 1% and reflectance R = 12% at normal incidence
6 = 0° (b), and numerically perfect performance 7" > 99%, R < 1% at 8 = 68° (c).

-3 -2 -1 0 1 2 3 0
(b) z [um] (c) z [um]

Oblique incidence of semi-guided waves on a step configuration at angle 6, schematic (a), and cross-section
views of the optical electric field (absolute value |E|), for normal incidence (b), and at angle 6 = 68° (c).
Parameters: refractive indices 3.4 (cores) : 1.45 (cladding), slab thickness 0.25 pum, vertical slab distance
2.15 um, incidence of TE polarized waves at vacuum wavelength 1.55 pm.

Semi-guided beams
Simulations of laterally confined wave bundles, with in-plane wide Gaussian profiles, show that the
effect survives in a true 3-D framework. The vQUEP solver [1]] has been extended accordingly.
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Inverse scattering designs of mode-selective waveguide couplers

Alexander R. May", Michalis N. Zervas
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We describe the design of arbitrary mode-selective waveguide couplers through application of the Darboux
transform of inverse scattering theory. We demonstrate that contrary to recent SUSY designs, it is not
necessary to use complex refractive index profiles to achieve this.
Introduction
We have previously discussed the design of multimode waveguides with prescribed mode effective
indices through the use of the Darboux transformation [1] of inverse scattering in the context of
group velocity equalization [2]. In this work, we discuss the design of waveguides suitable for
building mode-selective waveguide couplers (MSC) for mode-division muxing/demuxing. We
design appropriate trunk/partner waveguide pairs with phase matched propagation constants. The
strength of this technique is the ability to phase-match any arbitrary combination of modes using
real refractive index (RI) profiles. This is contrary to recently published works, involving
supersymmetric (SUSY) transformations [3], which utilize complex RIs, involving gain and loss,
and can mux/demux only one mode at a time.
Results
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Fig. 1. RI profile of (a) multimode step-index trunk waveguide, and partner waveguides for (b) four lowest-
order, (c) four alternate-order and (d) four highest-order modes @ A=1.55um, N¢jaqging =1.444

Fig. 1 shows an example of a multimode step-index trunk waveguide (a) and the corresponding
partner waveguides matching the four lowest-order (b), alternate-order (c), or four highest-order (d)
modes, obtained by the use of the inverse scattering algorithm based on Darboux transformations.
Such trunk/partner waveguide designs can be coupled optically and provide a scalable and
potentially versatile method of mode discrimination and/or multiplexing technology in an era of
ever-increasing demand upon high-capacity optical communication systems. Coupler designs will
be presented at the conference.
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Beneficial Impact of Multi-order Dispersion Engineering in Designing a Flat-top
Wide-band Supercontinuum Source
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Abstract: We numerically demonstrate that accurately engineered multi-order dispersion parameters
controlling the nonlinear dynamics of ultra-short pulse in a tailored Binary Multi-clad Microstructured Fiber
can generate single-pulse, flat-top, record bandwidth supercontinuum spectrum with high-spectral content.

Optical Wave Breaking (OWB) assisted flat-top Supercontinuum generation (SCG) in all-normal
dispersion (ANDi) regime (first proposed by Heidt et.al. in 2009) has been the key interest for researchers in
recent years due to its well-known applications in time- resolve spectroscopy, comb-generation, dense
wavelength- division multiplexing (DWDM) etc [1,2]. Recent work in visible and near-IR spectral region
has described the impact of 3, in designing wide-band SC spectra with temporarily compressible single cycle
pulse. In this contribution we investigated the impact of higher order dispersion in order to transfer more
energy to the spectral wings that minimize the spectral fluctuation. At first, we describe our model equations
(GNLSE) and define some characteristic parameters (pulse-slopes at trailing/leading edge, spectral flatness
or SF) to qualitatively interpret the temporal and spectral properties of a propagated pulse (T,,=75 fs). Next
we revisit and optimize different steps that are involved in the development of a SCG under ANDi regime.
Finally, we provide an original interpretation of how various dispersion parameters (B,, PBs, Bs) may
individually modulate the evolution (temporal and spectral domains) of the continuum. Our fine
understanding of the high-power, ultra-short pulse propagation dynamics leads us to propose simple design
rules that enable one to procure a record bandwidth, coherent, flat-top, SCG with high-spectral content. The
desired dispersion profile is then extracted through a new host Binary Multi-clad Microstructured Fiber
(BMMF) structure to obtain a record two-octave spanning SC band with fluctuation <5 dB. The glass
material of the proposed structure is chosen to be Lead-silicate glass (SF6/SF57-LLF1) because of its high
linear (1.76-1.8) and nonlinear refractive indices (2.2-4.1x10"°m%W), high index contrast (An~0.14) and
wide transparency window (500-3000 nm). Noteworthy, a rigorous full vector analysis of BMMF has been
carried out to obtain the modal, dispersion and nonlinear characteristics.

Fig.1. shows the result of single-shot numerical SCG simulation for a 75fs pump-pulse at an operating
wavelength of A,=1.55 pum after propagating 10 cm of host BMMF/SIF. An extremely flat and smooth
spectral profile (SF-0.92) with bandwidth upto ~1300 nm is achievable with BMMF: B with moderate pump
power of 20kW owing to the appropriate HOD parameters associated with the designed structure. The other
BMMF/SIF fails to meet the dispersion requisite (BMMF :A- small 3,, BMMF :C- large B; i=5,6.., SIF- large
Bi i=3,4,5..) and thus vyield a less-flattened, narrow band SCG. Next, commercially available SF57 glass
possessing two-times higher nonlinearity and good thermal, chemical and mechanical stability with lead—
silicate glass counterpart LLF1 is utilized to generate a record two-octave spanning (902-2580 nm)
supercontinuum source. The optimized spectra is found to be perfectly coherent by estimating the first-order
coherence function |g:,™] over the entire bandwidth. The vector-mode analysis scheme, SCG modeling and
optimization recipe with more results would be discussed in the conference.
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Fig.1.(a) Dispersion characteristics of selected SF6/LLF1 based fiber geometry (SIF, BMMF.A, BMMF:B, BMMF:C)
with the corresponding optimized SC spectrum. (b) Optimized SCG in a host SF57/LLF1 BMMF
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Modeling of single-mode regime in active large mode area photonic csyal
fibers under severe heat load
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Information Engineering Department, University of Parma, Parma, Italy
enrico.coscelli@unipr.it

A computationally efficient model is proposed to analyze the singldemegime of active large mode area pho-
tonic crystal fibers, significantly affected by thermal effects. Results show the model effectiveness in describing
how heating conditions influence the guiding properties of fibers with different refractive index profiles.

Thermal effects in LMA PCFs

Active fiber core heating has recently been appointed as one of the most important causes of per-
formance degradation in high-power systems [1]. In fact, fiber guiding properties are altered by the
refractive index increase, due to the generated transverse thermal gradient. Since the impact of these
effects scales with the mode field, it is significant in Large Mode Area (LMA) Photonic Crystal Fibers
(PCFs)[[2]. In this paper an efficient model is proposed to investigate the Single-Mode (SM) regime of
LMA PCFs under severe heat load, which depends on the properties of the Fundamental Mode (FM)
and the first Higher-Order Mode (HOM). Simulations demonstrate that the developed model can be
successfully applied to different PCFs, regardless of the cross-geometry and the guiding mechanism.

SM regime model under head load
To obtain the temperature distribution in LMA PCFs, the fiber cross-section is approximated with
four concentric layers, as shown in Fig. 1(left), each characterized by its own isotropic thermal
conductivity, corresponding to core, inner cladding, air-cladding, and outer cladding. The steady-
state heat equation is solved, assuming a certain heat power density generated in the core due to
the quantum defect. The obtained temperature profile is used to evaluate the refractive index change
related to the thermo-optic effect, then the full-vector modal solver based on the finite element method
[3] is applied to calculate the guided mode field distribution. Two conditions, that is FM overlap
integral higher than 0.8 and overlap difference between FM and HOM higher than 0.3, define the
PCF SM regime, which can be studied for different heat load values. The developed model has been
successfully applied to index-guiding PCFs, like large pitch or symmetry-reduced fibers, shown in
Fig. 1(center) and 1(right), as well as to PCF which exploit more complicated guiding mechanisms,
like distributed modal filtering fibers. Simulation results will be shown at presentation time.
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Fig. 1. (Left) Four-layer PCF cross-section, (center) large pitch(eght) reduced-symmetry fiber.
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Optical Fibre Sensor Systems for Safety and Security applications in industry
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Optical fibre sensor systems have matured over recent years to the point where a number of applications in
industry are seen which have a positive impact on safety and security needs. This paper provides an
overview of such recent work and emphasizes the ‘niche’ areas where optical fibre systems designed by the
authors are well suited to a range of safety and security needs and in so doing, show very good performance.

Introduction

There has been enormous growth in fibre optic sensor technology with new applications opening up
and the technology maturing. Discussion of the underpinning technology of optical fibre sensors
have been published previously by the authors (and is not further reproduced here). However to
deal with the breadth of potential applications and for the different requirements, a wide range of
different technological approaches to fibre optic sensors for a variety of measurands has been
proposed in the literature. There is of course ‘no right answer’ when it comes to designing an
optical fibre sensor but what is critically important is that there are effective sensors available.

Summary and Results

In this paper, several applications are considered showing the breadth of situations where such
measurements are important, the need for clarity on issues such as compatibility with use in extreme
environments or on human subjects and indeed the importance on making such measurements in
aerospace applications such as in measurements under radiation environments. All this shows the
tremendous breadth that must be reflected effectively in the system design, to achieve the required
degree of ruggedness or biocompatibility, for example, and thus which underpins effective design.

OFS systems will be discussed for a number of key areas including Structural Health (SHM)
applications where over the past few decades, the deterioration of civil infrastructure, such as
buildings, bridges and roadways have demonstrated the need for high-performance sensing systems
that can be used effectively to monitor changes in structures, often occurring over many years. In
addition areas such as Food Process and Storage applications can benefit e.g. in monitoring the loss
of moisture due to transportation and storage. Biomedical applications, such as the monitoring of
breathing during imaging and surgical procedures where airflow monitoring has been widely
applied to predict and detect respiratory disorders and failures, such as hypopnoea and apnoea are
being developed. Ecological and environmental applications are broad and growing in scope and
Agricultural applications, for example monitoring moisture level can allow better interpretation of
the behaviour of different crops under sub-optimal environments. In Mineral Processing
applications, soil moisture content measurement is important as is Fuel Quality applications where
combustion of biomass for heat and power production is expanding due to the search for renewable
alternatives to fossil fuels. In addition, Aerospace applications involve humidity sensors to perform
in situ measurements and finally, the measurement of RH is important for human comfort such as in
air-condition monitoring and for achieving controlled hygienic conditions.
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Multichannel Photonic Crystal Fiber Surface Plasmon Resonance Based Sensor
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This work introduces a humerical analysis for an optical sensor that is based on photonic crystal fiber (PCF)
coated with a metal layer to excite a surface plasmon resonance (SPR). The novelty in this design is the
simple structural birefringence introduced in the core of the PCF which can enable the sensing with up to
four channels simultaneously.

Basic Principles

Multichannel sensors are always preferred due to their ability to either greatly enhance the accuracy
of sensing or to perform multiple analytes sensing at the same time. Problems with multichannel
sensors have always been their complex structures that make their fabrication quite challenging. To
introduce the structural birefringence, multichannel sensors normally use either air holes with
different sizes or rely on shapes for the air holes other than the simple circular holes, e.g. the
elliptical air holes, and hence enable modal distinction [1]. The proposed design is very simple
based on PCF with a silica background and six similar air holes that can support light guidance. The
analyte is contained in two large slots with their surfaces metalized to enable the excitation of the
SPR modes. Birefringence is then introduced via a simple engineering of the positions of the air
holes maintaining the structure simplicity and achieving comparable sensitivities to those reported
in the literature [1] of more than 2000 RIU/nm sensitivity. Additionally, the suggested sensor offers
sensing with up to four distinct modes of the sensor as shown in Fig.1. Further optimization of the
proposed SPR-PCF sensor is expected to enhance the reported sensitivities and increase the
separation of the different modes leading to more efficient sensing capabilities.
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Fig. 1. Loss spectra of two fundamental and the first two higher order modes of the PCF when the analyte
refractive index is changed from (a) 1.33 to (b) 1.34.
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Highly sensitive D shaped PCF sensor based on SPR for near IR
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We propose a D-shaped photonic crystal fiber (PCF) based surface plasmon resonance (SPR) sensor
using indium tin oxide (ITO) as a plasmonic metal. An optimized thickness of 70 nm is considered
to be deposited on the flat surface to give R.I sensitivity of 5000 nm/RIU.

Introduction
Surface plasmon is the collective oscillation of electrons at the metal dielectric interface. In near IR
ITO act as a plasmon active metal [1] and it has no band to band transition unlike other plasmon
active metals.

Summary

The cross-section of the proposed structure is shown in Fig 1(a). The average diameter of the core is
35 pum while the total diameter of PCF is 335 pm. The air holes have diameter of 11.5 pm and a
pitch of 23 um. The D- shaped PCF can be fabricated by side polishing technique or by controlled
etching process. The analyte can be easily placed on the flat surface of the proposed sensor and
there is no need to fill the voids of PCF. The proximity of flat surface to the core of PCF helps in
better coupling of light from core of the PCF to ITO- analyte interface. We used finite element
based software to simulate the proposed structure.

Results
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Fig. 1. (a) and (b) show the cross-section of the D- shaped PCF and shift of resonance peak respectively

When the R.I of analyte surrounding the D shaped PCF is increased from 1.330 to 1.340, the
resonance peak shifts from 1690 nm to 1740 nm as can be seen in Fig.1(b). This shift occurs so as
to satisfy the resonance condition at higher wavelength for the excitation of surface plasmon. From

the shift of resonance peak, the wavelength sensitivity of the proposed sensor can be calculated to
be 5000 nm/RIU.

Conclusion

A SPR sensor based on D-shaped PCF has been proposed. The resonance is observed in near IR and
the wavelength sensitivity is found to be 5000 nm/RIU.
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A multilayered coaxial fiber biosensor is investigated numerically. It is found that the results validate
previous theoretical predictions achieved through the Transfer Matrix Method. In particular, we calculate the
dispersion diagram of an optimized version of the biosensor.

Working principle

Recently, the Authors have proposed a hollow-core coaxial biosensor for selective and sensitive
detection of proteins within a fluid compound [1]. It consists in a Bragg fiber with hollow core, and
cladding made of layers alternating low and high refractive index materials. A particular
manufacturing strategy, involving a fiber rolling procedure, can be exploited to obtain empty
cladding layers. The empty part of the cladding, which can be filled by the analyte, corresponds to
low-index layers (n=1.33). The high-index cladding layers (n=1.6), actually exposed to the fluid,
are properly functionalized (unperturbed condition) so that they can selectively bind a target protein
(perturbed condition). The very high sensitivity of Bragg-like structures to perturbations allows for
detecting a relatively small quantity of target protein once the binding has occurred.

Theoretical analysis

The electromagnetic behavior of the structure has been investigated through the TMM formulation
[2]. It is possible to find the stop-bands of the structure by applying the procedure described in [1],
which takes into account the number of layers of the fiber. The procedure relies on an approximated
condition that is accurate only for a large number of layers. The resulting confinement losses must
then be evaluated in case of small number of layers.

Numerical validation

Based on the previously proposed design [1], a 20-layers hollow-core coaxial fiber (HCCF) sensor
has been simulated through a commercial electromagnetic software (COMSOL Multiphysics©).
The values of the effective mode index, predicted by the theory and calculated exactly through the
numerical simulations, are in good agreement.

Effective mode Index=0.845331 Surface: ewfd.norme Effective mode Index=0.85178
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Fig. 1. Dispersion diagram from TMM formulation (left); transversal E field plot for the unperturbed and
perturbed cases

Conclusion
We have shown, through an accurate FEM-based numerical analysis, the effectiveness of hollow-
core coaxial fiber biosensors. Further work is ongoing towards the optimization of a recently
proposed structure, based on both the theoretical and the numerical analysis.
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Modal approach for absorptive and dispersive resonators
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We propose an efficient and intuitive formalism (valid for lossy and dispersive resonators) to
describe light scattering by a resonant metallic nanostructure. We apply it to various problems in
quantum plasmonics, plasmonic sensing and spatial coherence in complex media.

Introduction

Micro-nanoresonators play an important role in the conversion of energy from localized fields to
radiating waves and have many applications, especially in sensing, nonlinear nano-optics, or
quantum optics. An interesting question is how to recover a diffracted field with the modes as
building blocks. This can be done by expanding any diffracted field on the complete (?) basis of the
eigenmodes. The coefficients in the expansion express the coupling between the sources and a
given mode, revealing the conditions of excitation of this mode when varying incident parameters.
The latter has a physical meaning of fundamental importance: once a mode is excited, it cannot
transfer its energy to another mode. Such modes are usually referred to as normal modes in the
literature.

Summary

However, normal-mode theories rely on the fact that energy dissipation in the system remains small
enough. This key assumption may remain approximately valid for dielectric microresonators, but
completely breaks down for metallic nanoresonators that confine light at a deep-subwavelength
scale, for which radiative leakage and absorption and thus dispersion losses are generally large.
Studying such systems with usual normal-mode theories does not give satisfying predictions.

In 2013, our group has made a significant step forward [1], by deriving analytical expressions for
the coupling coefficients. The mathematical derivation that relies on reciprocity arguments is fully
rigorous, the only hypothesis being on the completeness of resonance-mode basis used to expand
the scattered field. Except for this hypothesis that is at least valid if the dispersion is weak, the
derivation is mathematically sound. The same year, we have also proposed a simple and general
numerical method [2] that allows us to compute and normalize the resonance modes with any
Maxwell solver.

The talk will review some consequences of the formalism including

e LDOS modal theory (Purcell factor) [1]

e Modal theory of the spatial coherence in complex systems [3]

e Quantum formalism for the analysis of hybrid systems made of quantum emitters and
plasmonic nanoresonators, which provides closed-form expressions for the hybrid-system
optical response [4]

e An analytical treatment for complex-valued resonance shifts for plasmonic sensing [5]

Conclusion

48



Even if the proper limits for the validity of the approach are not yet established, we believe that the
proposed analytical methods could certainly have their appeal as they focus on the most relevant
concepts (the modes), as opposed to numerically complex but often confusing outputs of
computational experiments.
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Extraordinary Angular Tolerance of Cavity Resonator Integrated Grating Filters
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Cavity-Resonator-Integrated Guided-mode resonance Filter (CRIGF) is a promising structure which provides
resonances with small spectral width (smaller than 1nm for optical wavelengths) and an extra-wide angular
acceptance (several degrees). The extraordinary flattening of the dispersion curve is analyzed and explained as
due to the intra-mode coupling imposed by the external Bragg resonators.

A CRIGF is composed with a grating coupler (Guided-Mode Resonance Filter - GMRF) surrounded
by a Distributed Bragg Reflector (DBR) used to confine the excited guided mode [1, 2]. The angular
acceptance of this structure is an order of magnitude greater than with classical gratings and our goal
is to identify the phenomenon responsible for this extraordinary high angular acceptance. To begin,
we plot on Fig 1 the reflectivity of the CRIGF with respect to the polar angle of incidence 6 and the
wavelength A. The calculations are performed with a RCWA-based homemade code [3] (using the
“super-cell technic). We observe a spot around A=865nm and for 6 between -2 and 2° where the
reflectivity is maximum. The map in Fig.1l is very different from that obtained with an infinite
grating, composed with the Bragg grating on top of the GMRF grating (not shown here). To explain
this difference, we use an original approach based on the resolution of the homogeneous problem [4].
On one hand, we numerically calculated the dispersion curves for the CRIGF. We observed that the
dispersion curve shows a flat part, where the resonance wavelength is quasi-independent of the angle
of incidence, and that the flattening grows with the width (strength) of the Bragg reflector. On the
other hand, we developed an approached model based on the coupled mode theory, which leads,
again, to dispersion curves with a flat part. Moreover we deduce that the extraordinary flattening is
due to an additional coupling of the waveguide modes of the GMRF provided by the Bragg grating,
that does not occur in infinite gratings.
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Fig. 1. Structure of the CRIGF and its R (0, A) map
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Threshold Preservation of PT-Resonant Structures in Realistic-Dispersive Medium
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The impact of material dispersion in the performance of parity-time (PT) symmetric coupled microresonators
is studied. The eigenfrequencies of the coupled PT-system are analysed for different dispersion parameter.
We show that realistic dispersion preserves the PT-system with additional stabilising features.

Results and discussions

Photonic structures with balanced gain and loss, known as PT-symmetric structures, have been a
subject of intensive investigation theoretically and experimentally, mainly due to the signature
properties of the threshold point. Several applications exploiting the unique properties of PT-
structures at the threshold point have been proposed such as, logical gate, memory, cloaking, and
sensors. In this paper, we study the existence of the threshold point for PT-coupled microresonators
and realistic dispersive material parameters that satisfies the Kramers-Kronig relationship.

The complex eigenfrequencies of PT-coupled microresonators are shown in Fig. 1 for three
different dispersion parameters in the notation of [1], namely (A) non-dispersive, (B) weakly
dispersive w,7 = 1 and (C) w,t = 212 [2] for a realistic high dispersion. It can be seen that there
is a distinct PT threshold in the case of non-dispersive (A) and highly dispersive (C) cases, but not
in the case of weak dispersion (B). This is due to the fact that the gain/loss parameter alters the real
part of refractive index of the material resulting in a structure that no longer satisfies the PT
condition of n = n* in the case of weak dispersion, but is maintained in the case of high dispersion.

In the talk, we will discuss the implications of dispersion on the performance of PT-coupled
microresonators and why the threshold point is preserved in the case of realistic material dispersion.
Furthermore, it will be shown that practical dispersion only allows the PT-symmetric condition to
be met at a single frequency which consequently also forbids multi-mode PT-symmetry breaking.
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Fig. 1. Complex eigenfrequencies of PT-coupled microresonators for 3 different dispersion parameters, i.e.

(A) non-dispersive, (B) small dispersion w,7 = 1 and (C) realistic high dispersion. The structure is operated

at a low Q-factor mode (7,2). Radius of each resonator a = 0.54um, gap between resonators g = 0.24um.
For material model refer to [1].
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Generation of Higher Dimensional Modal Entanglement
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We show that using a three waveguide directional coupler with appropriate waveguide dimensions and
poling period it is possible to achieve high dimensional modal entanglement through type Il spontaneous
parametric down conversion process in a periodically poled lithium niobate substrate.

Introduction

Quantum states with higher dimensional entanglement provide larger information capacity and
increased noise threshold in comparison to entangled system in two dimensions. In the literature
several ways have been proposed to generate higher dimensional entanglement using orbital angular
momentum (OAM) of photons [1], time- bin entanglement etc. In this paper, we propose a device
for the generation of high dimensional entanglement using the modal basis in a three waveguide
directional coupler.

Theory

Consider a directional coupler consisting of three identical single mode waveguides such that it
supports three normal guided modes referred to as 0, 1 and 2. Using an adiabatic evolution we
excite the H-polarized fundamental symmetric pump mode which due to parity conservation can
only down convert to following pairs of modes of signal and idler of orthogonal polarization:
HsoVio; Hs1Vi1; HsoVio; Hs2Vio and HgVip, where H and V correspond to horizontal and vertical
polarization states, subscripts s and i correspond to signal and idler and the integer corresponds to
the mode number. In order to achieve higher dimensional entangled photon pairs, we need to
properly design the waveguides and their separation so that three of the above mentioned processes
occur with the same probability. In order to show that this is possible, we choose the following
three process: HsoVio; Hs1Vir and Hs;Viz. In such a case the output is expected to be an entangled

state given by: |t//>=C1|H50,Vi0>+C2|H51,Vil>+C3|Hsz,Viz> , Where, C1, C;, and C3 are constants which are

determined by the field overlap integral and the phase matching function. The output state will be
maximally entangled if the values of coefficients C;, C, and C3 becomes equal.

Result

As an example we consider type 11 SPDC in a three waveguide directional coupler with waveguides
of width 6 um, depth 7 um, and separated by 6 pum and having a poling period A = 6.92 um in a
LiNbO3 substrate (Fig.1 (a)). In such a case a single grating can lead to all the three processes with
almost equal overlap integrals. Figure 1(b) shows the variation of efficiency with signal wavelength
and as can be seen it is possible to generate high dimension mode entangled state by using a narrow
band wavelength filter at the specific wavelength of 1350 nm.
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Fig. 1(a) Schematic of the three waveguide coupler (b) Variation of the efficiency of the three down
conversion processes versus signal wavelength.
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Photonic Control of Thermal Radiation Leading To Radative Cooling
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We discuss some of our latest work of designing photonic structures for the control of thermal radiation. We
show that such control leads to new application opportunities, including daytime radiative cooling and solar
cell cooling.

Introduction

The earth atmosphere is transparent in the wavelength range between 8-13 micron. This range
coincides with the peak emission of thermal body at room temperature. A properly designed
photonic structure can therefore be used to achieve radiative cooling, leading to the possibility for
exploiting the cold universe as a thermodynamic resource [1].

Summary

Here we present recent results from two experiments. In the first experiment [2], we show that by
designing a photonic structure that reflects most of the sunlight, while having strong thermal
emission in the 8-13 micron window, we can achieve daytime radiative cooling, through which the
structure, through sky access, lowers its temperature below that of the ambient, in an entire passive
manner. In the second experiment, we show that related concepts can be used to cool a silicon solar
absorber without affecting its solar absorption [3].

Results

Fig. 1. Daytime radiative cooler in a roof top experiment.

Conclusion

The cold universe represents an enormous thermodynamic resource that has been under-exploited.
Photonic structure design represents the key in using such resource for energy applications.
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We present the design and simulation of an ultracompact, high-speed photonic crystal modulator whose
operation depends on strong spatio-temporal coupling of the photon and carrier populations. We discuss the
dynamics and performance of electro-optic modulators based on electrical and optical injection, respectively.

Summary

Numerical modelling continues to play an important role in the design and development of novel
device structures and technologies. Advanced simulation tools are required for the accurate,
physics-based simulation of active nanophotonic devices, whose functionality is achieved by the
perturbation of the dielectric response function of the material. The dielectric response function is
strongly dependent on the electron and hole densities. At the same time, the electron and hole
distributions are strongly influenced by the optical fields through stimulated recombination and
absorption processes. A self-consistent dynamic simulation tool is required to accurately describe
the coupled electronic, thermal and electromagnetic properties of active nanophotonics devices. A
dynamic 2D bipolar electrical/thermal solver is bidirectionally coupled to a computationally
efficient coupled-mode theory (CMT) model [1] (Fig. 1 far left), which is calibrated by FDTD. The
coupled CMT/electrical model has the advantage of being computationally more efficient than an
FDTD solver so that longer simulations can be performed, while still sufficient to investigate most
important features and faithfully representing its electrical response (including the use of electrical
input signals/biases).
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Fig. 1. Far left: Block diagram of coupled electrical/ CMT model. Left: Mode profile in L3-PhC cavity from
FDTD. Right: Time variation of bias voltage and carrier density. Far right: Modulated output (10 Gb/s bias
signal).

Conclusion

We report on the design and simulation of an ultracompact (~50 um?) nanophotonic electro-optic
modulator capable of high speed modulation (>30 Gbps). We will investigate several performance
metrics and compare the performance of electro-optic modulators based on electrical and two-
photon absorption injection.
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Interrogating Nanoparticles with Focused Doughnut Pulses
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We study the propagation properties of space-time localized single-cycle waveforms of toroidal symmetry
and report on their light-matter interactions with interfaces and nanoparticles.

Focused doughnut (FD) pulses are part of a family of exact solutions to Maxwell’s equations
representing localised transmission of finite electromagnetic energy [1,2]. These are single-cycle
pulses with toroidal field topology and polynomial energy localisation (Fig.1a) [2]. They exhibit an
ultra-broadband frequency spectrum, which varies spatially. In addition, the toroidal topology of the
pulse gives rise to significant longitudinal field components that hold potential for particle
acceleration [2], but also resemble the field configuration associated with the toroidal dipole
moment [3]. Here, we present a computational study of the FD pulse propagation properties and its
interactions with dielectric and metallic interfaces, revealing unusual behaviour under reflection.
Furthermore, the interactions of FDs with dielectric particles are considered, where the broadband
nature and complex field topology of the pulses is expected to control mode excitation. Recent work
has demonstrated broad modal excitation within the nanostructures and distinct differences between
the interaction with TE and TM pulses (Fig. 1c). Possible experimental realisations of these
complex electromagnetic perturbations resulting from the theoretical/computational treatment
presented here will be discussed.
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Fig. 1. (a) lllustration of the field topology and focusing properties of a TE FD pulse propagating along the z-
axes. (b) Ex (upper) and H, (lower) fields of the FD pulse with q; denoting the effective wavelength. (c)
Excitation spectrum for a non-dispersive, dielectric nanoparticle (r=q:) under FD illumination.
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Rigorous retrieval of linear and nonlinear parameters in graphene waveguides
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We outline a framework for the electromagnetic modelling of arbitrary cross-section nanophotonic
waveguides that comprise both bulk and sheet materials, like graphene, based on the finite element method
(FEM). Our formulation is extended to the analysis of third-order nonlinear effects in these waveguides.

Introduction

Graphene is a quasi-2D (sheet) material exhibiting remarkable thermal and electric conductivity
with an ample tuning range in the optical and THz bands. Graphene has been successfully utilized
in a number of guided-wave components like photodetectors, polarizers and modulators [1] and
very recently its nonlinear response has started generating significant interest.

Summary

The optimal representation of a graphene sheet in the context of FEM modelling is effectuated by
attributing a complex-valued surface conductivity to appropriate edges (or faces) shared by two
surface (or volume) finite elements of the mesh. Furthermore, it is shown that the representation of
graphene as a bulk medium of finite sub-nanometre thickness is inappropriate for the modelling of
inherently anisotropic, arbitrarily oriented, sheet materials in R® vector spaces and further requires
substantially increased computational resources to mesh ultra-thin bulk layers. We extend our
formulation to provide rigorous expressions for the calculation of the nonlinear parameter (y) of
arbitrary cross-section graphene-comprising waveguides. The third-order nonlinear part of the
surface conductivity of sheet materials o> complements the nonlinear susceptibility of bulk
materials )((3) [2] and the contributions of the two nonlinearities to the overall y are assessed.
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Fig. Sample finite element meshing of a Si-wire waveguide covered with a graphene monolayer, in its (a)
sheet and (b) bulk representation. (c) Si-wire and graphene-sheet contributions to the nonlinear parameter.

Overall we provide a robust framework for the FEM modelling of graphene-comprising
waveguides, in the linear and nonlinear regime. The natural and superior sheet representation of
graphene is employed, thus circumventing the pitfalls of the effective bulk medium approach.
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We present results from rod-type two-dimensional photonic crystals designed to efficiently couple colloidal
guantum dots to semiconductor devices. Moderate Q factors for this type of cavities ensure the light-matter
coupling remains in the weak regime, making the structures designed suitable for applications requiring
bright quantum light sources.

Introduction

In recent years quantum light has found numerous applications including; quantum
communications®, beating the classical diffraction limit in quantum imaging? and minimising cell
damage in the microscopy of biological systems.? Colloidal quantum dots are versatile sources of
quantum light, having physical properties that are easily tuned to the demands of specific
applications. It is difficult, however, to efficiently couple light emitted from them into other
optoelectronic systems. In this paper, we introduce a rod-type photonic crystal template to couple
emission from the dots to I11-V semiconductor optoelectronics. The structure is designed to suite
GaAs based applications, the 2D supercell contains dielectric rods in a triangular lattice with a
cross-sectional radius of 0.18a, where a is the lattice constant. The rods are surrounded by air, and
have a dielectric constant of 12.11. The lattice is found to have a TE bandgap at f = 0.83c/a.

Results
Mode simulations of high Q candidate photonic crystal cavities were investigated using FDTD on a
large computer cluster. Q-factors over 6000 were found after optimisation, as shown in Figure 1.

Fig. 1. An illustration of the proposed cavity structure with the simulated E, and E, field confinement.

Future Work

Following successful modelling, we have begun fabrication of the photonic crystal templates using
e-beam lithography and Inductively Coupled Plasma. Next, colloidal quantum dots will be diluted,
to a density designed to deposit a few on the half-height pillar, and then spun on to the template.
This will allow coupling of the cavity mode to the emission from the dots, and will represent the
first step in designing robust I11-V quantum optoelectronic components relying on colloidal dots.
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Abstract
A new numerical tool is introduced that extends the functionality of MPB [1] using perturbation theory. The
photonic band structure for a dodecagonal quasicrystal is presented.

Introduction

Photonic Quasicrystals form a new class of materials which exhibit novel properties such as the localization of
light [2]. The need for a sophisticated numerical tool to study such properties is essential. We present a simple
method that generates quasicrystalline patterns [3] in addition to calculating photonic as well as plasmonic band
structures.
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TM modes photonic band structure (left) for a single layer in a quasicrystal with dodecagonal symmetry (right).

Summary
We present a tool that forms a single entry point to a detailed analysis of photonic crystals and quasicrystals. One

possible extension of the tool would be the use of dielectric functions which are obtained from ab-initio
calculations or any other suitable form. This is under development.
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Simulation of photonic nanostructures - mixing nonlinear material theories with
Maxwell solvers

J. Forstner
"Theoretical Electrical Engineering group, University of Paderborn, Germany

jens.foerstner@uni-paderborn.de

The progress in miniaturization of nanophotonic structures lead to a variety of fascinating systems, in which
both near-field optical effects and quantum mechanics becomes important. A theoretical description is
therefore challenging. We combine nonlinear material theories with advanced Maxwell simulation
techniques like the Disontinuous Galerkin method to describe such systems.

Introduction

Meta materials, nano antennas, wave guides, micro resonators — the technological improvements of
the recent decades made it possible to create photonic structures smaller than the wavelength of the
light. Also, by suitable structuring one can influence the quantum mechanical properties of the
nanophotonic system, e.g. to modify the energy structure by confining electrons or to enhance non-
locality and nonlinearities.

The interplay of both phenomena — near field propagation and material dynamics — leads to vast
possibilities in the tailoring for specific requirements of applications but is also a challenge
concerning the derivation of consistent theoretical descriptions. In our approach we combine
modern numerical techniques with advanced microscopic material theories: For the simulation of
the near field light propagation we incorporate vector Maxwell solvers as the Finite
Difference/Integral Time Domain (FDTD, FIT) and the Nodal Discontinuous Galerkin Time
Domain (DG-TD) method. The nonlinear material dynamics requires advanced theories like the
hydrodynamical plasma model or quantum mechanical Bloch equation. With this approach we are
able to quantitatively simulate the nonlinear optics of a wide range of nanophotonic structures. As
an example, second harmonic generation light emission in arrays of metallic particles will be
discussed with a focus on the relevance of inter-particle coupling.
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Fig. 1. (a) Considered array of gold split-ring resonators, (b) numerical mesh used in the Discontinuous
Galerkin Time Domain method solving Maxwell equations combined with a nonlinear hydrodynamical

material model, (c) emitted SHG field, (d) emission spectrum as a function of the lattice distance.
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Modelling the coupling of electromagnetic wavesto cylindrical waveguides
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In this presentation we show how the coupling of electromagnetic fields to cylindrical wires can be modelled.
The analysisis performed with cylindrical coordinates and the fields are expanded into a Fourier series. In this
way only a one-dimensional discretization of the cross—section is required.

I ntroduction

In arecent experiment [1] was shown that Terahertz waves can be excited on a metallic wire via end-
fire coupling. Due to different symmetries of the injected field and the wire mode some asymmetry
has to be introduced. In this presentation we show how this coupling can be modelled numerically.

Numerical algorithm

For the simulation we used the Method of Lines (MoL see e.g. [2]). In the MoL the derivativesin
direction of the cross-section are discretized with finite differences while analytic expressions are used
in direction of propagation. Usually, a2D-discretization isrequired to examine thisthree-dimensional
problem. Here, however, we utilize that the wire has a cylindrical symmetry. Then, cylindrical
coordinates are used and analytic expressions can be applied also for the the ¢-dependency of the
electric or magnetic field. Thus, thefield is written in the following way: .

2

Fr,p) = %Fco(r) + S (Fon(r) cosme + Fan(r)sinme)  Figlr) =~ / Flr.0)do (1)
With this formulation, theanalysis only requires a one-dimensional discretizati or? inradial direction.
The important wire mode (Sommerfeld mode) does not depend on ¢ (m = 0). Therefore, we must
only consider one element F,, which is determined as shown.
Numerical results
The devel oped agorithm was used to examine the coupling of the Terahertz-wavesto ametallic wire.
Without going into the details, we show the schematic setup in Fig. 1a, wheretheinput field is shifted
and tilted relative to the axis of the wire. A typical result for the calculated coupling power is plotted
in Fig. 1b. Note, that the maximum occurs for a significant lateral offset (i.e., Ax > 0) and angular
tilt (¢ > 0). coupled power [a.. ]
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Fig. 1. Coupling an asymmetric field to ametallic wire; a) principle, b) coupled power
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Computing 3-D Diffraction by Finite Difference Split-Step Nonparaxial Method

D. Bhattacharya™ »*, A. Sharma’
'Physics Department, Indian Institute of Technology Delhi, New Delhi, India
2 Physics Department, Techno India University, Salt Lake, Kolkata, India
*debjanil12@gmail.com

We present highly accurate simulation of diffraction in 3-D using the finite difference split-step method. It
shows better accuracy than the shifted angular spectrum method. Propagation of optical vortices is presented.

Theory and Results
The most widely used methods for simulation of diffraction are the Fresnel method and the angular
spectrum method (AS). The Fresnel method cannot compute near-field diffraction and the AS can
compute propagation near the source plane only, due to aliasing error of the sampled transfer
function. Recently a shifted AS [1] has been proposed for computing both near and far field and off-
axis propagation, but has lower accuracy due to use of a band limited function.

Earlier we published a Finite Difference Split-Step Nonparaxial (FDSSNP) method for scalar
[2], semivectorial and bidirectional wave propagation in photonic devices. The method is a direct
solution of the nonparaxial Helmholtz equation, and can compute nonparaxial, paraxial and also
evanescent field propagation very accurately. It uses a higher order finite difference series and
analytical matrix diagonalization. To simulate diffraction, the 3-D method [2] has been modified to
avoid using block matrix multiplication, reducing memory and increasing computational speed by
orders of magnitude. Diffraction over arbitrary distances is computed in a single propagation step,

®(z)=P®d(z,), ®=col[yy 0Oy/oz] and P-propagation operator.

In Example 1 original image size is 512x512points, sampling=10xmx=10xm, A =633nm[1].
The images are obtained by back propagating the diffracted field at 0.2m to object plane. FDSSNP
has much higher accuracy for same and lower window size (Fig. 1) compared to shifted AS.
Respective computation times are 7.1s and 2.9s, using MATLAB 7.11 on Intel Core i5, 4GB RAM.
In Fig. 2 we show generation and propagation of an optical vortex at various distances from object
plane. More results and comparison with experimental data will be presented at the workshop.

‘ Original Image Shifted AS (1024x1024) 3D FDSSNP(1024x1024) 3D FDSSN P(768x768)
Fig. 1. Simulation of diffraction using shifted-AS and 3D FDSSNP.

Field |E| at 0.5m " Phaseatsm Field |E| at5m

Phase at 2=0

Fig. 2. Optical vortex propagation usirig 3DFDSSNP. Phase object courtesy Dr. Sanjay Mishra, IRDE, India.
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Modified Finite Element Frequency Domain Using Gradient Smoothing
Technique
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Introduction

The finite element method models complex geometries by discretizing the computational domain
into triangular elements. In this paper, a computationally efficient modified finite element frequency
domain (SFEFD) is proposed. The presented method has a superior convergence rate. It consumes
less time than conventional finite difference frequency domain.

Formulation
Considering a 2D computational domain (Q2). The perfectly matched layer is used to truncate Q.
The gradient smoothing procedure is applied to the weak form of the TM wave equation as follows,

1
VO = j—chdQS | (1)
QS
where @ is the field function and As is the area of the smoothing domain (€)). The integration is
made over Qg which is constructed by simply connect the mid-point of the element to the two end
points of each edge.

Results
c
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Fig. 1. Schematic diagram of the plasmonic coupler. Fig. 2. Efficiency of the plasmonic coupler.

The plasmonic coupler shown in Fig.1 consists of a silicon waveguide of width Wy = 300 nm, and a
plasmonic waveguide of gap size W, varied from 0 to 200 nm. Figure 2 shows the transmission
efficiency calculated at different W,. The refractive index of silicon and silver are 3.47 and
0.409+10.048i, respectively. It may be seen an excellent agreement between the results obtained by
SFEFD and the FDFD results [1]. The converged results are obtained by less number of unknowns
and less computational time than the FDFD.
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Reduced Basis Method for Fast Online Solution of Scattering Problems

S. Burger "2, M. Hammerschmidt !, S. Herrmann ! , J. Pomplun 2, F. Schmidt !2,

L Zuse Institute Berlin, Germany
2 JCMwave GmbH, Berlin, Germany
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We present an adaptive, error controlled reduced basis method for solving parameterized optical scattering
problems as they appear in many-query and real time contexts. Application fields are, among others, design
and optimization problems of nano-optical devices as well as inverse problems for parameter reconstructions, as
they occur, e. g., in optical metrology. The background technology is a finite element modeling of the problem
plus parameterizations of materials, geometries and sources.

Reduced basis method

The basic concepts and first applications to nano-optics have been published in [1], [2]. Fig. 1 illus-
trates a simple situation. Given a geometry with three independent geometrical parameters p;, p2, ps,
one one seeks a realization with certain desired properties, here a phase-balanced throughput through
the two openings. To this end, a large number of solutions with different parameter settings has to
be performed. The reduced basis method offers an elegant approach. It is assumed that the solution
process can be split into an online and an offline part. In the offline step the reduced basis is built self-
adaptively by solving the underlying Maxwells equations rigorously several times. The full model is
then projected onto the reduced basis spanned by these solutions. In the online step the assembled
reduced system can be solved very quickly and independently on the size of the original problem.
The method is efficient if the computational offline costs do not play a prominent role but the online
costs for accurate 3D simulations are in the range of a few seconds, which is typically the case.

Algorithmic progress

Methods from the well established field of a posteriori error estimation of finite element methods
are applied to guaranty the reliability of the computed output. Extensions with respect to previous
publications concerns the inclusion of parameter dependent sources and frequencies.
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Fig. 1. A simple structure depending on three geometric parameters p1, po, p3 and the corresponding
field. The parameters have to be varied such that the optical field is optimized.
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Fundamental aspects of linear slow light systems

Luc Thévenaz
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In a linear slow light system the delaying process is necessarily inducing distortion for fundamental reasons,
strictly bounding the maximum delay-bandwidth product to unity. Slowing the light does not directly
enhance light-matter interaction, but is a corollary of the intensity enhancement by multiple interferences.

Context

A decade ago slow & fast light has been perceived like a very performing solution to control the
timing of an optical signal, offering the yet missing photonics tool for timing control, with the
ultimate objective to implement all-optical routers in telecommunications systems. It is essential
that the delaying system is linear for such applications, to avoid power- and sequence-dependent
timing. It has rapidly been observed that in such systems the delaying process was undermined by
massive distortion when the induced fractional delay exceeds 1, i.e. when a light pulse is delayed by
more than its nominal width. Experts have rapidly concluded that future all-optical routers won’t
certainly be based on slow light, for which other applications have been searched. Much hope has
been placed in the possibility to enhance light-matter interactions, with some successful
demonstrations, but here again it turns out that light slowing is not the essence of this enhancement.

Summary

Like in any linear system the slow light element is described by a transfer function that must ideally
realize the perfect delaying function taking the simple following form exp(—iw7). This perfect
transfer function shows a uniform spectral amplitude response and a linearly varying phase
response. Slow light is generated using narrowband spectral resonances, for which amplitude and
phase spectral dependences are related by a Hilbert transform, which translates into the Kramers-
Kronig relations linking absorption to refractive index. It can be shown that a spectral resonance
spanning over a limited spectrum can never simultaneously present a pure flat amplitude response
and a pure linear phase response, leading to a distortion that cannot be circumvented.

Recent results have shown that the distortion can be reduced by optimizing the spectral profile of
the resonance, but it can never be entirely cancelled, limiting the delay-bandwidth product to a
value close to unity. This has been entirely validated by very recent experimental results.

Slow light systems are classified into 2 categories: material systems, in which a resonance is
induced by a nonlinear interaction and optical pumping and subject to an energy transfer between
the lightwave and the optical medium, and structural systems, in which the sharp spectral
transmission change is induced by a passive structure generating multiple interferences. The most
straightforward example of a structural system is the Fabry-Perot resonator.

Tuneable delays can be generated in material slow light systems, by varying the pumping power,
which are active systems. Structural systems can normally not be tuned directly, since they are
based on passive structures.

It has been proved that material slow light does not enhance light-matter interaction, since the
excess energy density resulting from the slowing is actually entirely stored into the optical medium.
On the contrary enhancement has been observed using structural slow light, since there is a direct
relation between energy density and group velocity and the energy is this time uniquely present in
the lightwave. This distinct behaviour proves that this is not the light slowing that strictly causes the
interaction enhancement, but the light concentration through wave superposition that results in a
higher intensity and has the automatic consequence to slow the group velocity.
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Laser gain compact model for photonic integrated circuit (PIC) simulation
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We present a semiconductor laser gain 1D compact model that runs within INTERCONNECT, Lumerical’s
PIC simulator, and self-consistently incorporates the effects of external feedback and resonances, allowing it
to be used in the design of hybrid I11-V Si-SiO; laser chips as well as integrated lasers driving PICs.

Introduction

The growth of silicon photonics has made the use of PICs with integrated lasers and hybrid I11-V
Si-SiOz laser chips more attractive. However, the unavailability of optical isolators for use in such
systems, as well the design advantage of incorporating resonances and reflections external to and
possibly distant from the gain medium, makes accurate and efficient modeling of laser performance
critical to the design process.

Summary

We have developed a model which propagates the complex slowly-varying amplitudes of forward
and backward traveling optical modes through the gain medium in the time domain on a 1D grid in
the longitudinal direction. The transverse properties of each mode are characterized by scalar
quantities such as effective and group index, wave impedance, and mode confinement to the gain
region which can be accurately pre-calculated with an eigenmode solver. Frequency and local
carrier dependent gain and stochastic spontaneous emission are included using digital filtering, and
carrier concentrations are updated based on optical gain, spontaneous emission, and non-radiative
recombination rates.

Results

We have obtained results for a Fabry-Perot laser that compare favorably with those presented in [1].
We have also obtained preliminary results, presented in Fig. 1(b), for the laser structure shown in
Fig. 1(a), comprised of the same gain medium coupled via a waveguide to a DBR reflector.
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Fig. 1. Simulated DBR laser structure (a) and output spectrum (b)
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Diffraction properties of a tailored parity-time (PT) symmetric grating
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We study the diffraction properties of a parity-time (PT) symmetric transmission grating. The bimodal interfer-
ometric operation is altered by the introduction of balanced gain and loss, leading to efficient switching around
the symmetry breaking point. In addition, we separately tailor the periodicities of gain and loss to control the
mode merging phenomenon.

Loss is usually an unwanted feature in optics, which limits the efficiencies of many applications.
However, the concept of PT symmetry (originating from quantum mechanics) allows for a proper use
of loss, when it is judiciously combined with gain. PT symmetry already facilitated various interesting
and counter-intuitive phenomena, such as optical Bloch oscillations and loss induced lasing.

We numerically examine a diffraction grating (Fig. 1(a)) that was extensively discussed without
loss/gain in [1]. By introducing gain and loss (quantified by ) in the grating we can now uncover its
rich transmission characteristics.

We identify different regimes, which are adjusted by the not-often studied longitudinal feedback (see
Fig. 1(b) for the direct transmission 7). The properties are explained by the propagating modes in the
structure. Below a critical point (v =0.23) the grating acts like a Mach-Zehnder interferometer, with
a gain-controlled coupling length. Beyond this point there is one mode with gain (due to symmetry
breaking), which provides us with lasing resonances.

In further work, we tailor the gain and loss periods separately, providing for more exotic character-
istics, which mix various incidence cases and introduce multiple critical points. We explain these
phenomena by examining the mode-merging picture in detail.
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Fig. 1. (a) Diffraction grating with the reflection and transmission orders. (b) Transmitted light (log
scale) to T as a function of groove depth d and gain/loss factor .

References

[1] T. Clausnitzer, T. Kdmpfe, E.-B. Kley, A. Tiinnermann, U. Peschel, A. V. Tishchenko and, O. Parriaux,
Opt. Express 13, 10448 (2005).

70


mailto:nicolas.rivolta@umons.ac.be

From Components to Systems.
Simulate, Optimize, Synthesize.

From the first steps to the finishing touches, CST STUDIO SUITE® is there for you in your design
process. Its tools allow engineers to develop and simulate devices large and small across the
frequency spectrum.The powerful solvers in CST STUDIO SUITE 2015 are supplemented by a range
of new synthesis and optimization tools, which are integrated directly into the simulation workflow.
These can suggest potential starting points for component design, allow these components to be
combined into systems, and finally analyze and fine-tune the complete systems.

Even the most complex systems are built up from simple elements. Integrate synthesis into your

design process and develop your ideas.

Choose CST STUDIO SUITE - Complete Technology for EM Simulation.

CST - COMPUTER SIMULATION TECHNOLOGY | www.cst.com | info@cst.com



Imaging and Spectroscopy
Reimagined!

s, N
010y 45, Uag YooN W

204;

Microspectroscopy ® Biomedical Imaging
Plasmonics ¢ LIBS ¢ Raman Hyperspectral Imaging
Carbon Nanotube Research e Singlet Oxygen
Detection Combustion ¢ FLIM

e Small Animal Imaging

e Quantum Imaging

Learn how our innovative products can

: P r ln Ceton facilitate your research.
Visit www.princetoninstruments.com
. Instruments or call +1 609-587-9797

1]



XXIII INTERNATIONAL WORKSHOP ON OPTICAL WAVE AND WAVEGUIDE THEORY AND NUMERICAL
MODELLING

POSTERS 1

Friday 17" April

LONDON 2015

City University London

73



Equiangular Spiral Micro-Structured Waveguides in Lithium Niobate

H. Karakuzu, M. Dubov,* S. Boscolo
Aston Institute of Photonic Technologies, Aston University, Birmingham B4 7ET, UK
*m.dubov@aston.ac.uk

Y. O. Azabi, A. Agrawal
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Buried, microstructured waveguides with an equiangular spiral geometry, which can be formed in a lithium
niobate crystal by direct femtosecond laser writing, are analysed with the full-vectorial finite element method.
The guiding properties of such waveguides are presented.

Summary

Micro-structured waveguides (MS WGs) can be fabricated in lithium niobate (LiNbOs) crystals by
the method of direct femotsecond (fs) laser inscription using the so-called depressed-index cladding
approach [1]. In comparison with MS WGs with an hexagonal geometry, spiral geometries have been
recently shown to achieve better confinement of light in much smaller cores [2]. The equiangular
spiral (ES) WG design investigated in this paper is adapted from the design reported in [2]. Given the
relatively moderate induced refractive index (RI) contrasts that are typical of the direct fs inscription
in crystals, enhanced control over the waveguiding properties may be achieved by compact and dense
cladding structures made of tracks with different sizes with the smallest tracks at the core-cladding
interface. In this study, we used a suitable variation of the track size along each arm of the spiral
structure [3], along with the experimentally found dependencies of the track size and the induced
RI contrast on the laser pulse energy [1]. The anisotropic WGs were simulated using the COMSOL
software. The results presented in Fig. 1 show that the spectral region where the confinement losses
(i.e., the losses due to the finite transverse extent of the confining structure) in both ordinary (O) and
extraordinary (E) polarisations are acceptably low (below 1dB/cm) can extend up to a wavelength
of 2.5 ym for the example WG structure being characterised. While the ES geometry seems not to
be preferable to the conventional hexagonal geometry in terms of extent of the low-loss operational
spectral range of the WG [3], the much broader parameter space available for the design of spiral WG
structures makes it possible to efficiently tune the modal characteristics of the field in the WG. This
may enable a broader range of nonlinear optical device applications with optimised WG performance
at the wavelengths of interest.
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Fig. 1. Confinement loss (left) and WG dispersion (middle) for O and E waves as a function of wavelength
for an ES WG with 19 arms and 11 rings (right). Also shown is the variation of the WG effective area with
wavelength.
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Mid-infrared supercontinuum generation using dispersion-engineered
Ge5As2:Seq5 chalcogenide rib-waveguide
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A promising design of air-clad GeiisAsxuSess chalcogenide rib-waveguide for supercontinuum (SC)
generation is proposed through numerical simulations. It can be used for SC generation with up to 3-octaves
bandwidth by pumping at a wavelength of 3100 nm with a peak power of 1 kW.

Introduction

Chalcogenide glasses have emerged as promising nonlinear materials having a number of unique
properties that makes them attractive for fabricating planar optical waveguides and using them for
applications such as mid-infrared (mid-IR) SC generation and optical sensing.

Summary

Dispersion of a waveguide plays an important role in determining the SC output spectrum along
with the position of pump wavelength and peak power applied. By rigorous numerical simulations
using our full-vector FE mode-solver, we have optimized our design to obtain the zero-dispersion
wavelength (ZDW) with an anomalous dispersion region around the pump wavelength by varying
the dimensions of the waveguide, as shown in Fig.1 (a). We have tested accuracy of the modal
solutions through Aitken's extrapolation technique and also tested the numerically calculated GVD
parameters as describe earlier [1]. We optimized an air-clad GeiisAs2Sesss rib-waveguide with
MgF, glass as its lower cladding and obtained good modal confinement in such structure.
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Fig. 1. (a) GVD Curve with waveguide structure as an inset and (b) SC evolution.
Conclusion

An air-clad rib-waveguide by employing MgF, glass as its lower cladding is optimized for a pump
wavelength of 3100 nm to generate broadband SC in the mid-IR regime, as shown in Fig.1 (b).
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Effect of SPR on the attenuation coefficient of an Ormocomp nanowire
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Effect of surface plasmon resonance (SPR) on the attenuation coefficient of an Ormocomp nanowire with
non-vertical sidewalls is studied. The attenuation coefficient of ormocomp nanowires is measured to be 0.84
dB/mm at the 595 nm SPR peak.

Summary

The Ormocomp nanowires reported here have been fabricated by using a nano-imprint method.
However, during the fabrication process the resulting surface roughness increases the loss
coefficient, but this also enhances the sensitivity of the nanowire sensors [1]. However, the effect of
the surface roughness is not strong enough to maximize the sensitivity of the nanowires. Therefore,
additionally surface plasmon resonance is introduced at the top surface of the nanowires to enhance
the sensitivity. A 50 nm thick gold layer is coated on the nanowires using sputtering technique. The
ormocomp nanowire has a height of 0.5 um but with its trapezoidal shape, the top and bottom
widths are different, 1.0 um and 1.5 um, respectively. The transmittance (T) of the light propagating
along the nanowire with water-cladding was measured and the attenuation coefficient of the
nanowires is extracted by using the Beer-Lambert Law, given in Eqg. 1.

A (4) =

where L, is 5000 pum, Ly is 270 pum, and L, is varied from 250 to 2000 pm. The average
attenuation coefficient of the feed waveguide and ormocomp nanowire is shown in Fig. 1.
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Fig. 1. Variations of attenuation coefficients of the Ormocomp nanowires with wavelength.

The absorption peaks for both feed waveguide and nanowires were observed at the wavelength of
595 nm. The feed waveguide has attenuation coefficient of 0.45 dB/mm which is lower than the
absorption coefficient of nanowires which is around 0.84 dB/mm. Therefore, the sensitivity of the
narrower nanowires is higher than that of the feed waveguide.
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We numerically study the interactions of two counter-propagating Airy beams in a photorefractive crystal.
By varying the Airy beams’ properties and the photorefractive coupling strength, we achieve soliton-like
interactions leading to new waveguide structures and to peculiar spatiotemporal dynamics.

Introduction and Motivations

Collisions of counter-propagating (CP) optical beams and spatial optical solitons have been
extensively studied in both Kerr and photorefractive (PR) media [1]. In recent years, the self-
trapping character of Airy beams in biased nonlinear media has suggested interesting dynamics
such as soliton-like behaviors [2]. Although numerical studies have been done using co-propagating
Airy beams, only few studies concern the collision of two counter-propagating Airy beams [3].
Numerical modeling

In this paper, we investigate theoretically the interaction of two CP Airy beams in a PR crystal.
We inject on each side of the medium a one-dimensional Airy beam with the same deflection
directions. By varying the crystal length and the photorefractive coupling strength, we demonstrate
new interesting phenomena such as stable counter-propagating off-shooting solitons or peculiar
spatiotemporal dynamics (Fig.1.).
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Fig. 1. (a) Initial intensity distribution of two counter-propagating Airy beams along the photorefractive
crystal (waist size x¢=10um, crystal length L=32mm). (b)-(d) Spatiotemporal dynamics of the off-shooting
solitons at each output of the crystal for various coupling strength

Conclusion

To conclude the interaction of two CP Airy beams in a photorefractive crystal leads to different
waveguide possibilities that are interesting for optical interconnects. We also analyse peculiar
spatiotemporal dynamics and show that this system evolves along a chaotic-like route with larger
interaction schemes.
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This paper presents a finite element based technique to solve the electromagnetic time domain problem with
perforated mesh faster than conventional Finite Difference Time Domain approach.

Introduction

The Finite Element techniques for solving electromagnetic time-domain problem traditionally
perform slower than the Finite difference counterpart, the FDTD method. This is due to formulation
of large global matrix, implicit formulation, matrix inversion and use of iterative algorithm. The
perforated mesh system based finite element time domain (FETD) method was introduced in [1]
and this paper will report much faster simulation performances than the FDTD method while
keeping the effective numerical dispersion same.

Summary

The perforated mesh based FETD is an explicit formulation of the Maxwell’s equation. It solved the
equations directly similar to the FDTD method; however, it uses a dual and coupled perforated
mesh system which reduces the number of computation cells by half. It avoids any matrix
formulation and performs minimum possible computer operations. With equilateral elements the
method shows significant improvement in numerical dispersion over the FDTD method which
allows this method to drastically reduce the spatial resolution by keeping the numerical error same.
When the resolution reduction is considered with the Intel based Core processor on recent Haswell
architecture, the speed of the method surpasses the speed of the FDTD method, as shown in Fig.1.
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Fig. 1. Theoretical comparison, ratio of FDTD2D latency/FETD2D latency at different FETD resolution

Conclusion

The proposed technique reduces the latency far beyond the FDTD latency. Although the theoretical
analysis was performed on equilateral mesh, a close to equilateral mesh should produce similar
results and allow faster and more accurate solution of the problem.
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A plasmonic pole-absorber is analyzed using the FDTD method based on the cylindrical coordinate system
with the periodic boundary condition. It is found that an absorptivity of more than 80 % is obtained over a
wavelength range of = 500 nm to 1000 nm.

Summary

A broadband omnidirectional light absorber, which is often called an optical black-hole, has received
considerable attention [1]. The use of touching subwavelength-sized metal spheres is effective, al-
though the absorption occurs only for a specific polarization. We have proposed a plasmonic pole
absorber (so-called black-pole) using a periodic structure and analyzed under the assumption that the
pole-absorber is illuminated omnidirectionally [2]. In this work, we consider the case where the pole-
absorber is illuminated with a vertically polarized cylindrical wave from a specific direction. Fig. 1
depicts the configuration of the pole-absorber, which is assumed to be placed in free space. The metal
is taken to be aluminum whose dispersion property is expressed as the Drude-Lorentz model [3]. Tak-
ing into account the periodicity along theaxis, we only deal with the single cell whose length\is

= 2r., as shown in Fig. 1(b). The configuration parameters are chosen{p=H&00 nm,d, = 10,

andr, = 61 nm. Fig. 2 shows the absorptivity as a function of wavelength. The power distribution
observed in the contact plane #Lat 750 nm is illustrated in the inset of Fig. 2, in which the inci-

dent wave is excited towards the center axis from a positign=0800 nm over = 45’ ~ 315°. An
absorptivity of more than 80 % is obtained over a wavelength range=0500 nm to 1000 nm. In
addition, almost no power is evaluated in the transmission region.
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Fig. 1. Plasmonic pole-absorber. Fig. 2. Absorptivityas a function of wavelength.
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We propose a dual-core few mode erbium doped fiber (FM-EDF) wherein central core is graded index and
doped ring core is step-index. The proposed fiber amplifies LP1;, LP,; and LP3s; mode groups with more than
20 dB of gain each and less than 0.19 dB differential modal gains (DMG) using LPy; as pump mode.

Introduction

Space Division Multiplexing is an attractive regime to enhance capacity of optical communication.
FM-EDF is an important component to amplify all the signal mode groups with minimal DMG [1].
In this context, we have proposed a dual-core FM-EDF which provides > 20 dB gain and low
DMG.

Fiber Design and Results

The proposed dual-core EDF consists of a central graded-index core and a step-index Er—doped ring
core. The mode profiles of the fiber have been calculated by transfer matrix method and their gains
have been calculated by using the mathematical model proposed in Ref. [2]. In this study we have
considered LP;;, LP,; and LP3; mode groups with 30 uW input power in each mode at 1530 nm-
wavelength. The erbium concentration used is Ng=1x10** m™. The LPo; mode at 980 nm has been
used as pump. Variations of gain and DMG with pump power are plotted in Fig. 1.
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Fig. 1. (a) Variation of gain with pump power, (b) Variation of DMG with pump power.
We could achieve 20 dB gain with less than 0.04 DMG with 135 mW pump power and 28-nm EDF
length. The gain could be increased to 27dB with 0.19 dB DMG with a pump power of 500 mW.
Conclusion
The proposed EDF provides 20 dB amplification of 12 modes of LP1;, LP,; and LP3; mode groups
with very small DMG and would be useful in SDM optical communication system.
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Mode mixing in anisotropic metamaterial waveguides
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We analyzed numerically the strong coupling between extraordinary and ordinary modes in diagonal
anisotropic metamaterial-based waveguides.

Introduction

Anisotropic metamaterials are artificial materials defined by an effective permittivity tensor, whose
linear optical properties can be designed through the structure engineering of the composite
materials. Using these materials a large variety of complex optical effects have already been shown
such as negative refraction, high light-confinement, backward waves, etc. [1]

Analysis and Results
Diagonal anisotropic metamaterials have an effective permittivity tensor[1]:

e 0 0
é=| 0 g 0 (D)
0 0 ¢

Where the subindexes x and z indicate the components perpendicular and parallel to the anisotropy
axis. Using first order perturbation theory, we demonstrate that the lateral confinement allows the
coupling of both extraordinary and ordinary modes. Additionally, in the hyperbolic case (when g,
and &, have different sign), it is shown that the hybrid extraordinary-ordinary mode created through
this coupling, exhibits anomalous dispersion. The results obtained are in excellent agreement with
the finite element method eigenvalue analysis. Further, we analyze the effects of losses on the
hybrid waveguided mode. It is shown that a strong anisotropy in the imaginary part of the
permittivity (im(ex)<<im(g,)) reduces the coupling between the extraordinary and ordinary modes.
This characteristic behavior renders metamaterial waveguides a suitable platform for all-optical
switching as this strong anisotropy in the imaginary part can be optically induced readily in
plasmonic metamaterials based in metallic nanorod arrays [2]. Indeed this behavior has been used
recently for the design of a compact ultrafast all-optical modulator.[3]
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We show that an appropriately chosen one dimensional waveguide array can mimic photon propagation
through a two dimensional waveguide array. This alternative design is attractive since fabrication of one
dimensional array is comparatively easier than two dimensional arrays.

Introduction

Quantum random walks have recently been used to emulate various quantum phenomena like Bloch
oscillations, Anderson localization, Quantum zeno effect etc. These phenomena can be readily
implemented using integrated optical waveguide devices such as 1-D array of optical waveguides.
Moreover, many interesting problems such as energy transport in biological systems [1], quantum
search algorithms and graph theory [2] require two-dimensional quantum random walk phenomena.
A promising way for the emulation of such random walks is to study photon propagation through a
two-dimensional array of optical waveguides.

Summary

Here we show that an appropriately designed 1-D waveguide array consisting of a pair of two mode
waveguides coupled to a single mode waveguide can be shown to be equivalent to a 2-D array of
five single mode waveguides and hence can be used to mimic photon propagation through a 2-D
array. This is achieved by using a combination of evanescent coupling and appropriate periodic
coupling among the modes of the three waveguides [see Fig. 1(b)]. We show that by an appropriate
design, the five normal modes of the 2-D array become equivalent to the five normal modes of the
1-D array. Thus light propagation through either of the structures is described by the same set of
equations and thus the 1-D array can completely simulate the 2-D array. Figure 1(c) shows a sample
simulation of the photon bunching exhibited in either of the structures.

Correlation Matrix r,

Fig. 1. (a) 2-D array of five identical single mode waveguides, (b) Equivalent 1-D array with a long period
grating for periodic coupling. (c) Simulation showing photon bunching phenomenon.

Conclusion

In conclusion, we have shown that a properly designed, easy to realize one-dimensional array
consisting of a pair of two mode waveguides coupled to a single mode waveguide via evanescent
coupling and periodic coupling among appropriate modes of the waveguides, can be a replacement
for a two dimensional array of five identical single mode waveguides and can be used to mimic
light propagation including phenomena such as quantum random walk in a 2-D array.
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Abstract
Surface Plasmon Resonance (SPR) based gas sensor in terahertz with modified Otto configuration
based on attenuated total reflection (ATR) technique using doped graphene monolayer is proposed.
The sensitivity and detection accuracy (1/FWHM) was found to be 40 deg/RIU and 14.97 deg™
respectively.
Introduction
Conventional SPR sensors at visible and infrared with noble metals like gold and silver suffer from
major drawbacks in terms of confinement and tunability of the surface plasmons (SPs) at terahertz.
To overcome this problem of poor confinement, graphene, a 2D form of carbon having atoms
arranged in honeycomb lattice has shown promising advantages for SP generation in terahertz
frequencies [1, 2].
ATR Graphene-Based Configuration
High index coupling prism is used as coupling element. The Otto geometry is modified by replacing
the air gap between the graphene monolayer and prism with organic material compatible with
terahertz of RI=1.5 as shown in figl (a).lts thickness is optimised to give maximum energy transfer.
Gaseous analytes are considered as the sensing medium. For quantifying the SPR sensor performance,
we use the angular interrogation technique in which the reflectivity of output radiation is measured
as a function of incident angle. For our calculation, we use the accurate Transfer Matrix Method
(TMM) for analysis of light propagating through the layered structure.
Results and Conclusions
We found that the resonance angle of the SPR curve shifts from 53.23° for the ng=1.000 to 55.25° for
nd=1.050, showing a sensitivity of 40.4 deg/RIU as shown in figl (b). Also the detection accuracy of
the sensor which is given by (L/FWHM) increases with increasing RI of the gaseous analyte. Such
type of gaseous sensors can open a new window for gaseous sensing in terahertz.
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Multi-path propagation in waveguides is modelled assuming a multi-layer three-dimensional RC network
with randomly allocated resistors and capacitors to represent the waveguide transmission medium. A pre-
equalization procedure that takes into account the capabilities of the transmission source as well as the
transmission properties of the medium is developed.

Introduction

Propagation of non-meridional rays in an optical, microwave, or THz waveguide from pulsed
coherent sources incur path-dependent distortion manifested as group velocity dispersion. When
partially coherent, or incoherent sources are used, additional frequency-selective attenuation may
also be observed. We propose a pre-equalization procedure to address these problems; the technique
casts the problem within a Mixed Integer Linear Programming (MILP) optimization framework that
uses the developed nominal RC network model, to customize the excitation waveform so as to
optimize signal fidelity from the transmitter to the receiver minimizing distortions.

Summary

The RC model is casted in state space form and emulates the multi-path propagation process. Its
transfer function is of fractional order. The inclusion of source power constraints entails an
optimization problem over a non-convex region of possible solutions. This issue poses a difficulty
to obtain the optimal solution as most optimization algorithms are designed to search over a convex
set of feasible solutions. Therefore, MILP is used instead.
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Fig. 1. a) Multi-path propagation analogy assuming proposed 3D-RC model, b) power-constrained
trajectories for source modulation over the feasible region and c) different current & voltage pre-equalization
plots for 5 different network realizations assuming double-ramp excitation.

Conclusion

The MILP optimization framework enables pre-equalization assuming arbitrary modulation
modalities and optimizes signal fidelity from the transmitter to the receiver.
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A new model to study gain competition in high-power fiber amplifiers is proposed, which accounts for the
full-vector nature of the propagating modes and thermal effects on core overlap. Model tests on a Yb-doped
large-pitch photonic-crystal fiber show a successful analysis of gain competition.

Introduction

Currently, power scaling of fiber lasers is limited by mode instabilities, which appear beyond a
certain power threshold due to power transfer between guided modes [1,2,3]. Though its cause has
to be clarified, it is commonly attributed to a thermally-driven refractive index gradient in the cross-
section due to quantum-defect core heating. High-Order Modes (HOMs) not guided in the cold
fiber, can be significantly confined into the core by high-power pumping, thereby jeopardizing the
output beam quality. To pursue robust single-mode guiding in Yb-doped fibers under severe heat
load, it is necessary to thoroughly analyze the amplification process, taking into account the gain
competition between the Fundamental Mode (FM) and the most detrimental HOMs. To this aim, a
new model, based on the Finite Element Method (FEM) has been developed, which accounts for the
full-vector nature of the propagating modes and the change in their overlap with the doped core
caused by the heat load, showing gain competition effects.

FEM Model and Results

Light propagation is modeled by solving the rate equations along the fiber segments, with heat load
given by the quantum defect fraction of the absorbed pump power. The thermally-driven refractive
index change on each segment is given by solving the steady-state heat equation on the fiber
transverse plane. The propagating modes are then calculated by a FEM full-vector solver, obtaining
the heat-dependent doped core overlap. Tests performed on a Large Pitch Fiber (LPF) are shown in
Fig. 1: notice in Fig. 1(a) the effective index change of the FM and the first two HOMs along the
fiber. Fig. 1(b) depicts the power evolution of the modes, showing the gain competition between
FM, HOM1, and HOM2, with gain of 15.5, 4.9, and 6.5 dB at input power of 5, 0.5, and 0.5 W,
respectively. Finally, Fig. 1(c) reports the behavior of the guided mode overlap on the doped core
along the fiber, showing that the heat load value determines the most detrimental HOM.

1.4506 T 200 T 5 1

180} (b B (c)
1.4505 80((b) Pt
160 e 4 08—
1.4504 ’
5
_1.4503 506 —
; =i
1.4502 Co4 .
4 O =TT LT TS T
1.4501 /7 7 X
o 0.2
1.45 B
1.4499 : (o) . 0 0 .
0 0.2 0.4 0.6 0.8 1 0 0.2 0.4 0.6 0.8 1 0 0.2 0.4 0.6 0.8 1
Fiber length (m) Fiber length (m) Fiber length (m)

Fig. 1. Fiber length dependence of (a) effective index of FM and HOMs, (b) power of co-propagating pump
and fiber modes, and (c) overlap of FM and HOMs with the doped fiber core.
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Counter-circular-polarization Characteristics of a Quarter-wave Plate Using a
Triangular Hole Array in a Metallic Plate

J. Yamauchi, Y. Takagi, H. Nakano
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A quarter-wave plate using a triangular hole array in a metallic plate is analyzed by the FDTD method with
the periodic boundary condition. The wave plate exhibits counter-circular-polarization characteristics, i.e., the
incident light can be changed from linear to right- or left-handed circular polarization at different wavelengths.

Summary

Considerable interest has been directed towards thin wave plates, which include the application of
surface plasmon polaritons[1,2]. We have proposed and analyzed a quarter-wave plate using a tri-
angular hole array in a metallic plate[3]. Fig. 1 schematically illustrates the proposed configuration.
Triangular-shaped holes are periodically made in an Ag plate. Owing to the generation of the surface
plasmon polaritons, symmetric (first) and asymmetric (second) modes are excited in the triangular
aperture. Since the two orthogonal modes have a phase differeage af —90°, the incident light

can be changed from linear to right- (RCP) or left-handed circular polarization (LCP) in different
wavelength bands. Fig. 2 shows the transmittance, the polarization rotatiorfaagtethe ellipticity

as a function of wavelength. It is found that the plate acts as an efficient polarization converter at spe-
cific wavelengths. In particular, RCP whose ellipticity is more than(less than 3 dB) is obtained

over a wide wavelength range of 1.46 to 1/h, while LCP whose ellipticity is less than0.7 is
achieved over a narrow wavelength range of 1.10 to Arh1 The transmittance at=1.11um is 78

%, which is higher than 5% at A = 1.48um.
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A Polarization Converter Using a Curvilinearly Tapered Waveguide
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A mode-evolution-based polarization converter on an,Sibstrate is analyzed by the BPM. The use
of a curvilinearly tapered core leads to an extinction ratio of more than 15 dB with a device length of
100m, over a wide wavelength range from L to 1.7m.

Summary

A curvilinearly tapered core is introduced into a mode-evolution-based polarization converter [1] on
an SiQ substrate with the intention of designing a compact structure [2]. The waveguide treated
in this study is illustrated in Fig. 1, where the expression to determine the lower core width is also
presented. Consideration is first given to the effective indices of the first and second eigenmodes in
a linearly tapered structure € 1) as a function of propagation distance. The eigenmode analysis
reveals that the introduction of a curvilinear taper(2) widens a hybrid-mode region, where the dif-
ference in the effective indices between the two modes is small with subsequent sufficient polarization
conversion [2]. We next investigate the polarization conversion behavior using the propagating beam
analysis. As expected, the use of the curvilinear taper improves the conversion efficiency, allowing a
short device length of 100m. However, the conversion efficiency is still low because of remaining
ripples due to the polarization recoupling. To prevent the polarization recoupling, we partially remove
the upper core at > 82 um. As shown in Fig. 2, this strategy leads to an extinction ratio &5 dB

with a conversion length of 100m over a wide spectral range from 1ug to 1.7um.
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Fig. 1. A curvilinearly tapered polarization con- Fig. 2. Wavelength characteristics.
verteron an SiQ substrate. (a) Perspective view
and (b) top view.
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Power Budget Analysis for Waveguide-Enhanced Raman Spectroscopy
Zilong Wang®", Michalis N. Zervas?, Philip N. Bartlett?, James S. Wilkinson*
lOptoelectronics Research Centre, University of Southampton, United Kingdom
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Waveguide-enhanced Raman spectroscopy (WERS) represents an attractive form of enhanced analytical
technique for surface chemistry. Comparisons of surface enhanced spectroscopies are hampered by ill-defined
enhancement factors. In this work, a full power budget analysis, incorporating dielectric waveguide optimization,
is presented for WERS as an approach towards defining a rigorous performance measure.

Introduction

Surface-enhanced Raman Spectroscopy (SERS) is a powerful tool for chemical analysis which can
suffer from poor repeatability due to the sensitive nature of plasmonic interactions. Waveguide-
enhanced Raman spectroscopy (WERS) is emerging as a competitive analytical tool which avoids
nanostructured noble metal surfaces but which potentially provides comparable surface enhancements
in a sensorised format [1,2]. Comparison of these approaches suffers from ill-defined definitions of
surface enhancement. We present a power budget analysis of WERS, relating the received power in a
Raman emission line to the incident pump laser power, using waveguide surface intensity and Raman
cross-section, allowing WERS optimisation and clear comparison of surface-enhanced techniques.

Results

Simulations were made for ImW power per Imm width at 633nm travelling in a Ta,Os waveguide
(n=2.1) on silica (n=1.46) with an air superstrate. The modes of the waveguide structure have been
solved using a complex transfer matrix approach. The core thickness has been optimised in order to
achieve the highest surface intensity at this wavelength as shown in Fig 1 for the fundamental mode in
TM polarisation. Comparisons show that for a 1mm? area of illumination the waveguide yields a 1000-
fold increase in surface intensity compared with direct illumination of a surface with the same power.

5

14X10 : : : A power budget analysis is then employed to determine the
power (per unit surface area) emitted in a specific Raman line for
unit power in the waveguide. In the case of a semi-infinite
toluene superstrate for the waveguide optimized in Fig 1, the
emitted power in the 1000cm™ line gives a Raman power of
1.1fW. This methodology, which will be extended to waveguide
collection as well as excitation, allows unambiguous comparison
of Raman configurations. In SERS, factors of 10° enhancement
0 , , are achieved through similar (factor 1000) enhancements for
100 200 300 400 500 hoth excitation and emission. Waveguide collection (as opposed

core thickness [nm]
to normal collection) of Raman signals in WERS can be
Fig 1. Waveguide surface intensity expected to achieve similar efficiencies to SERS, without the
losses inherent in metal structures.

Surface intensity [W/m 2]

Summary

Waveguide-enhanced Raman spectroscopy offers advantages over SERS in terms of repeatability and
robustness if similar signal enhancements can be achieved. SERS and WERS need rigorous methods to
aid comparison. Here a power-budget analysis for WERS is proposed, which can readily be extended to
other configurations, and detailed examples will be given of numerically derived enhancement factors.

This research was funded by ERC grant no. 291216 Wideband Integrated Photonics for Accessible Biomedical Diagnostics
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Characteristics of Twist Induced Phase Deviation through a Distinct Dual-mode-
fiber in a Sagnac Loop
Saba N. Khan, Sudip Kr. Chatterjee’, Partha Roy Chaudhuri™”
'Deaprtment of Physics, Indian Institute of Technology, Kharagpur, India
*roycp@phy.iitkgp.ernet.in
Abstract: We demonstrate experimentally and discuss theoretically a method to vary the position of

transmission peak over a wide dynamic range through a Sagnac interferometer (SI) employed with elasto-
optically induced linear and circular birefringence(s) towards measurement of twist.

Torsion is one of the most important parameter for . FH: Fiber Holder K
security monitoring of building, bridges, and other = 0gseun ¥ F“:F'“'R‘”’“"l T
infrastructures [1]. In the recent past, severa highly g .
sensitive fiber-optic twist sensor employing high- | powermeter E Test
birefringent (Hi-Bi) fiber, advance microstructured fiber, [Thoriabs: PM320E) 38 5 FL_'; fiber
fiber Bragg grating emerged out as a promising Mercoupler \ & -,
candidate [2]. Though extremely sensitive al of these Detactor —c,
sensing configurations are operational over a narrow (Thorlabs: $140C) T,

dynamic range. In this contribution, we present a Fia.l. Schematic of Sl used for twist-measurement.

prototype of highly-sensitive tunable torsion measuring device covering a wide-dynamic range (0°
to 700°) employing a Sagnac interferometer (Sl) possessing distinct dual-mode fiber (DMF)
segment in the loop (See Fig.1). The wide-range tunability is attained by the application of variable
transverse-stress over a small segment (~1.5 cm) of Sagnac loop. In this work, we thoroughly
investigated and analyzed the transmission behavior of a Sl with stress assisted induced linear
birefringence and twist (~5 cm) induced circular birefringence in the loop. Theoreticaly, the
electric field at the transmitting port of a Sl is evaluated as:

Baux) [ (22-1)3, (1-a)d,+ad, \(Enwx). where J = TC.FC,T, for SMF
Bocy 70{‘]“/7(17“)‘]% (172(1)‘]»/ Eny)’ TG Hp R H G, for DMF

where o is the intensity coupling coefficient of coupler, ‘J' is the Jones matrix of loop and is equal
to the product of the transmission matrix of elements constituting the loop (Fig.1). It was observed
(theoretically and experimentally) that the influence of the twist is intimately linked with inherent
linear birefringence that is present in the Sagnac loop. The shifting of the highest peak in the
Transmittance curve was found to be a signature of induced linear birefringence (Transverse-stress)
while the intensity variation along the highest peak measures the applied twist. Moreover, the
incorporation of DMF in the loop provides additional parameters - the excitation coefficient and
length of the DMF segment to tune the transmission response over a wide range. Fig.2 shows the
transmission characteristics of distinct twisted fiber segments (SMF/DMF/Hi-Bi). It isinteresting to
note that the Sagnac loop comprising of Hi-Bi fiber segment is nonresponsive under weak-twist
regime (<300°) owing to the dominating high inherent linear birefringence (~10). The theoretical
anaysisisin good agreement with our experimenta results and gave the first indication of how to
proceed in the experiment. The finer experimental details, underlying physics, involved calculation
and governing equation would be presented in detail in the workshop.
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Fig.2. Theoretical and experimental plots for transmission characteristics of (a) SMF (b) DMF (c¢) Hi-Bi in S
References
[1] R. Ulrich and A. Simon, “Polarization optics of twisted single mode fibers’, Appl. Opt. 18, 2241-2251 (1979).

[2] H. Liang, M. Sun, Y. Jin, “Twist sensor based on Sagnac single-mode optic fiber interferometer”, Optik 124,
6676-6678 (2013).

89



Detection of Low Magnetic Field using Fiber Optic Cantilever Technique

Somarpita Pradhan’, Partha Roy Chaudhuri'*
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*roycp@phy.iitkgp.ernet.in

Abstract: Cobalt-doped nickel-ferrite nanoparticles coated optical fiber is used to detect magnetic field as
low as 2.0mT utilizing fiber-beam-cantilever technique. Also, a theoretical approach is developed to
calculate magnetic properties such as magnetization of the probe sample using the experimental results.

Introduction

Attention in optical fiber based magnetic field sensors [1] has widely increased during the last few
years. However, the main challenging task for designing such sensors is to choose proper magnetic
probe material. In this work, we have prepared cobalt-doped nickel ferrite (Nigg7C0003F€204)
nanoparticles as probe sample for sensing magnetic field using fiber beam cantilever technique.

Experimental Details and Results

Cobalt-doped nickel ferrite sample was prepared by sol-gel method. These nanoparticles coated
optical fibers were used for magnetic field detection utilizing a fiber beam cantilever method (Fig.
1(a)). Variation of fiber-to-fiber transmitted power actually conveyed the signature of magnetic
field in the vicinity. Sensitivity was increased by incorporating etched coated fiber tip with diameter
55um +5um in the experimental set up. Experlmental results are shown in F|g 1(b), 1(c)
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Fig. 1. (a)The Schematic of experimental set up (b) Transmﬂlft}ec'id Bg\;\;er variation Wlth applled magnetlc field
using normal single mode fiber (SMF) (c) using etched SMF

Theoretical Approach
Variation of transmitted power (T) with applied external magnetic field due to transverse
misalignment (d) between two optical fibers that are represented by Gaussian fundamental modes
with spot sizes w; and w, can be modeled [2] by using the equation (1).

T z[ 2w,w, ]2 eiwlfi\zl\é (1)

WP+ WS

Deflection of the detection fiber at different magnetic field is calculated which is actually
incorporated into the basic torque (z;;) equation (equation (2)) in a constant magnetic field (Hy) [3]
to calculate magnetization (M) and other magnetic properties of the probe sample.

7, =V,MxH

mom ‘ )
Conclusion
Magnetic field as low as 2.0 mT was detected reproducibly using etched optical fiber tips. Finally, a
theoretical approach was developed to calculate magnetic properties of the probe sample using the
experimental results.
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Wavelength Characteristics of a Waveguide Polarization Converter with
Sidewall-Roughness
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A polarization converter with sidewall roughness is analyzed by the imaginary-distance BPM based on Yee’s
mesh and the FDTD method. Regardless of the presence of the sidewall roughness, an extinction ratio of more
than 15dB is obtained over a wavelength range of Lu®5o0 1.55um, with an insertion loss of less than 1dB.

Summary

Several converters using an asymmetric waveguide have been proposed and investigated[1][2]. These
converters are based on beating of two orthogonal modes. A large difference in the propagation
constants of these modes, requiring a strongly guiding waveguide, is necessary to achieve a short
conversion length. Note that a strongly guiding waveguide often suffers from the sidewall roughness
caused by the imperfection of lithography and etching processes. In this work, we analyze a wave-
guide polarization converter with sidewall roughness. Fig. 1 shows the configuration, in which a
silicon core is located on an Sj@ubstrate. The roughness is assumed to independently occur in each
sidewall and the standard deviations chosen to be 5.0 nm. The presence of the substrate leads to a
rectangular defect section of; / v ~ 0.85, even when the square core is employed. The wavelength
characteristics of the extinction ratio and the insertion loss are presented in Fig. 2, in which the result
obtained folr = 0 nm is also shown for comparison. It is found that even when the sidewall roughness

is taken into account, an extinction ratio of more than 15dB is achieved over a wavelength range of
1.35um to 1.55um, with the insertion loss being a value of less than 1dB.

[ —— o=50nm )

-- 0=00nm

w
@

Insertion loss (dB)

N
2

Extinction ratio (dB)
Lo 5 8R8REESE R

2 13 14 15 16 17
Wavelength A (um)

(0) (@)

Fig. 1. Configuration. (a) Perspective wie Fig. 2. Extinction ratio and insertion loss
(b) Enlarged view of conversion waveguide. as a function of wavelength.
(c) Input waveguide. (d) Conversion waveguide.
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Purcell effect of asymmetric dipole source distributions in nanowire resonators
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We present a model for plasmonic nanowire resonators in combination with non-axisymmetric source distribu-
tions. We numerically investigate the Purcell effect for plasmonic metal nanowire modes in varying environ-
ments and compare the results to semi-analytic theory.

Summary

Metal nanowire resonators allow subwavelength mode confinement, resulting in a strong Purcell effect
[1]. This implies an enhanced emitter-nanowire coupling, potentially useful for quantum information
purposes [2]. Recent progress in fabrication of plasmonic nanowire lasers [3] requires reliable ap-
proaches in studying resonators, where the metal nanowire is an essential constitutive element [4].
An approach, capable of treating finite-length nanowires together with axisymmetrically distributed
emitters, was reported in [5]. In particular nanolaser configurations, however, one needs to treat
asymmetric source distributions, such as a single quantum dot placed at an arbitrary distance from the
nanowire axis. Here, we investigate the Purcell effect of asymmetric source distributions in proxim-
ity to the metal nanowire in two configurations: a metal cylinder truncated by perfectly conducting
(PEC) mirrors, and a finite metal cylinder in free-space. In order to evaluate the Purcell factor, we
precalculate the mode eigenvalues using Comsol Multiphysics (see Fig. 1 for an example). We com-
pare the eigenfrequency and Purcell factor values calculated numerically with a semi-analytic theory
to further analyze the impact of the emitters asymmetry and of the nanowire finite length.

Absolute value of electric field intensity, a.u

Figure 1. Fundamental plasmonic mode
of a finite gold cylindrical nanowire (ra-
dius 10nm, length 500nm) truncated by
PEC plates, with eigenfrequency w =
2.819117e14+6.76228e12i. Dielectric per-
mitivity is calculated from the Drude model
e =1 —w2/(w? +iwy) with w, = 1.26 -
10%s~! and v = 1.41 - 10Ms™ 1.

References
K. J. Russell, T.-L. Liu, S. Cui, and E. L. Hu, Nat. Photonics, 6, 459 (2012).

]
[2] D.E. Chang, A. S. Srensen, P. R. Hemmer, and M. D. Lukin, Phys. Rev. B, 76, 035420 (2007).
[3] R.-M. Ma, R. E. Oulton, V. J. Sorger, and X. Zhang, Laser Photonics Rev., 7, 1 (2013).
[4] X. Wu, Y. Xiao, C. Meng, X. Zhang, Sh. Yu, et al., Nano Lett., 13, 5654 (2013).
[5] C. Sauvan, J. P. Hugonin, I. S. Maksymov, and P. Lalanne, Phys. Rev. Lett., 110, 237401 (2013).



Optimization of textured Si solar cell with array of hut-like micro pillars
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In this paper, we present the simulation results of a hut-like array of micro pillars pattern for silicon solar
cells. The Reflectance reduces when increasing the angle between substrate and base of the micro pillars.

Summary

In recent years various texturing patterns have been used to minimize the Reflectance from solar
cells such as nano wires [1] and micro pillars (uP) [2]. Here, we present how Reflectance for 1 um
height perfectly vertical uP array can be further reduced. For this purpose, we vary the following
simulation parameters: Surface Coverage (SC), cap (vertical section of the uP, see Fig.1) and 9
(angle between substrate and pP, see Fig.l). This simulation is run for
height=1um, cap =0.2umand SC =30-50%.

Results
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Fig.1 Schematic of hut-like micro pillar Fig.2 Angular performance height =1 um & cap =0.2 um
From Fig. 2 we can see the 3 variation from perfectly vertical (i.e. 90°) to larger values for the hut-
like uP. The Reflectance reduces rapidly as 9 increases for every SC; reaching a minimum. For
further increase of 9, the hut-like uPs overlap with each other; leading to higher Reflectance.
Another fact to highlight is the low values of SC while implementing the hut-like pattern provide a
better Reflectance than the optimum SC for perfectly vertical micro pillars [3]. This is due to a more
efficient light trapping in the hut-like pattern which enables a larger portion of the incoming light to
be re-utilised.

Conclusion

The Reflectance reduces when placing hut-like uP array on top of the substrate instead of the
perfectly vertical uP array. This improvement is due to a more efficient light trapping in the hut-like
pP.
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Accurate and efficient arrayed waveguide grating simulations for InP
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We analyze the Arrayed Waveguide Grating (AWG) response on indium phosphide (InP) membranes on silicon
(IMOS) technology. The model is based on an analytical approach [[1]] that provides a better accuracy than the
Gaussian approximation for similar simulation times.

Introduction

The IMOS photonic integration technique, based on the use of an indium phosphide membrane on top
of a silicon chip, has advantages such as the possibility of integrating active and passive devices with
approximately the same dimensions as silicon on insulator (SOI) technologies [2]. The cross-section
consists of a silicon substrate, a 1850 nm height layer of silicon dioxide and the InP membrane (300
nm height) where the waveguides will be fabricated.

Design and simulation

Simulating AWGs with such high index contrast (HIC) is very difficult, due to the lack of an effi-
cient numerical method where analytical approximations are still valid. In this work, we successfully
developed an analytical method that can simulate the AWG accurately in a few seconds. The main
idea is to reduce the 3D waveguide to a 2D waveguide applying the effective index method. Then,
the field profile can be approximated as cosine and exponential functions. This method is not usually
suitable for HIC structures, but in our case the use of shallow waveguides as inputs/outputs, where
the approximation holds, enables us to apply it. For this reason, all the approximations used in [1]]
are still valid and the analytical model is applicable. As a comparison, Fig. [Il shows the real field
profile obtained from a commercial software using the Film Mode Matching (FMM) method and the
approximated field. An example of simulation using this analytical model is shown in Fig. 2l The
comparison between simulations using the real profile and the analytical approach shows a very good
match.
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Fig. 1.: Field profile approximation Fig.2.: Comparison between simulations

In conclusion, the analytical model provided in [[I]] is suitable for IMOS AWGs when using shal-
low waveguides as input/outputs, obtaining a good approach in a few seconds.
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In this paper, a new approach to design of integrated Mach-Zehnder interferometers as sensors of
fluid concentration is presented.Sensitivity estimation and optimization of the interferometer are
based on calculation of the Fisher information.

Introduction

Integrated Mach-Zehnder interferometers (MZI) have been widely used in sensing and quantum
optics. Interferometer sensitivity is defined as the smallest phase change that can be detected and is
determined by the fringe slope and the measurement error. However, due to the uncertainty
underlying quantum mechanics, quantum optics often uses statistical approach based on Fisher
information (FI). Here, we explore application ofFI to classical MZI sensor and its optimization.

Summary

Changes in a fluid concentration cause changes in its refractive index and, hence, the index profile
of an optical guide immersed in the fluid. The consequent modulation of the effective refractive
index of the propagating mode is converted in the change in theintensity at the output of a MZI. The
sensor sensitivity is calculated with respect to the refractive index of fluid ng, thus keeping the
consideration independent of the type of fluid.

The Flis a local probability measure of obtaining a system parameter from the data measured at the
output [1]. For the MZI considered here, it is defined via a conditional probability function p(l|ng) that

describes  probability to  obtain  the output intensity |  conditioned by
N Fl(ng) = fp(1|1n )(dp;;'nF))z dl. In a classical power measurement p has the normal distribution
F F

with the intensity variance given bythe detector precision.The maximum of Flgives the ultimate

measurement sensitivity known as the Cramer-Rao bound,dny = 1/,/Fl,,4.,[1]. Therefore, the aim
of the sensor design is to maximize the FI.

Results

The MZI intensity output is calculated numerically from the superposition of the eigenmodes of the
test and reference waveguide for a range of ng. It is used to determine the sensitivity both via the FI
and standard definition sny = 61/(dl/dng). The excellent agreement of the two corroborates our
approach. FI was further used to obtain the waveguide profile that renders the maximum sensitivity.

Conclusion

Is it shown how the Fisher information can be defined and used as a measure of sensitivity of a
classical integrated MZI. This result provides a tool for the measurement sensitivity estimation in
classical optics that relates it to the approaches used to determine sensitivity scaling with the
number of photons in quantum optics.
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Fiber sensor based on graphene oxide encapsulated Au nanoparticles has been reported. Here, the red shift of
10 nm has been observed for Au-nanoparticles encapsulated with 1 nm thick graphene oxide.

Introduction

Owing to the unique properties of graphene and its oxide, it has recently emerged as a novel class of
2D carbon-based nanomaterials. Encapsulating gold nanoparticles in graphene oxide shells has been
used as novel gene vector [1]. However, here we have studied the effect of Graphene Oxide
Encapsulated Gold nanoparticles (GOE-Au NPs) on the performance of fiber based plasmonic
sensor. Fig.1 shows the proposed set up, where fiber cladding of 1 cm length can be removed from
the centre through chemical etching. At the cladding removal site, GOE-Au NPs can be deposited.
Light can be launched at one end of the fiber with proper optics and the absorbance spectrum can be
studied at the other end of the fiber.
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Fig. 1. The Proposed Set up. Fig.2. The variation of absorbance with
wavelength for GOE-AuNPs and Au NPs.
Results

Fig.2 shows the variation of absorbance with wavelength for two cases, one deposited with Au NPs
and other with GOE-Au NPs. It has been observed by introducing graphene oxide of thickness 1 nm
around the Au NPs of dia. 40 nm, the peak absorbance value decreases due to the damping effect of
surface plasmons. Also, we found that the resonance wavelength shift from 520nm (only gold
nanoparticles) to 530 nm after encapsulate gold nanoparticles with graphene oxide as the resonance
condition satisfied at higher wavelength.

Conclusion

Fiber based Surface plasmon resonance (SPR) using graphene oxide encapsulated Au nanoparticles
has been studied. By encapsulating Au nanoparticles with 1 nm thick graphene oxide, the red shift
of 10 nm has been observed. With changing the refractive index in the sensing region, the sensor
can be used as refractive index sensor.
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We investigate the previously observed longitudinal multimode dynamics of a multi-section master oscillator
power amplifier device by means of a travelling wave model that incorporates coupled cavities and thermal
effects. We discuss their appearance and dependence on geometrical factors and temperature.

Master Oscillator Power Amplifiers (MOPAS) are devices suitable for applications requiring
high brightness light sources. Monolithically integrated MOPAs usually comprise two sections: an
index guided single lateral mode waveguide section acting as a Master Oscillator (MO) (in our case
a Distributed Feedback laser (DFB)) and a gain-guided Power Amplifier (PA) section. Ideally, the
single lateral and longitudinal mode generated by the MO is injected into the PA section where it
undergoes free diffraction and amplification keeping its initial beam quality. However, MOPAs
often exhibit instabilities that have been attributed to a combination of thermal effects and the
residual reflectance at the amplifier front facet, which leads to the coupling of the MO modes and
the modes of the full MOPA cavity [1].

In this contribution, we numerically investigate the different dynamical regimes ‘previously
observed in a MOPA emitting at 1.5 pm [2]. The theoretical framework is a Travelling Wave
Model (TWM) [3] that naturally includes spatial effects (such as spatial hole burning and coupled-
cavity effects) and multimode dynamics. Thermal effects are included by considering the optical
response of the Quantum Well active medium within the quasi-equilibrium approximation at finite
temperature [4], with a phenomenological description of the redshift of the gain peak and the
changes in the background material refractive index by means of self- and cross-heating coefficients
for both sections. Fig. 1 shows the simulated evolution of the optical spectra (a) and the Radio-
Frequency (RF) spectra (b) as a function of the PA current while keeping the MO current constant
at a value slightly above the threshold. The great variety of dynamical regimes appearing under
these conditions Include: emission at the Bragg wavelength, emission at the gain peak and self-
pulsations. We discuss the appearance of these dynamical regimes and their dependences on the
geometrical factors and temperature via numerical simulations, in comFarison with our previous
experimental results [2]. In addition, we perform a semi-analytical modal analysis of the TWM for
such devices in order to get a deeper physical insight [5].
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Fig. 1. Numerical simulation of the evolution of the optical and RF spectra as a function of the PA current.
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In this work we investigate the transmission spectra of a light beam normally incident from a transparent
medium into a multilayer photonic structure composed of SiO2 / metamaterial layers arranged in a
quasiperiodical fashion, which follows the Fibonacci (FB) substitutional sequences.

Introduction

Materials simultaneously possessing negative magnetic permeability and electric permittivity are
physically permissible and would exhibit a negative refractive index [1]. They were coined as left-
handed materials (LHM) because they support backward waves, for which the electric field E, the
magnetic field H, and the Poynting vector § form a left-handed triplet. Besides, the group velocity
of wave propagation in such media is opposite to its phase velocity, making the perfect lens
possible. Periodic multilayered structures containing these materials can be considered as a
sequence of perfect lenses with unique transmittance or reflectance properties in the Bragg regime
[2]. On the other hand, the discovery of quasiperiodic structures has fired up this field, giving rise to
many practical applications (for a review see Ref. 3).

Results

The optical transmission spectrum for the 9th-generation (55-layer) quasiperiodic FB sequence, as a
function of the reduced frequency Q=w/wy, wybeing the midgap frequency, is depicted in Fig. 1(a).
The transmission spectrum presents a unique mirror symmetrical profile around the midgap
frequency Q = 1 (the midgap frequency of a periodic quarter-wavelength multilayer). Besides the
structure is transparent at the reduced frequencies 2 = 0.898 and Q@ = 1.101, as we can see in Fig.
1(b), forming two broad peaks, also distributed symmetrically around & = 1. Furthermore, the
transmission spectrum has a scaling property with respect to the generation number of the FB
sequence, within a symmetrical interval around Q = 1.

To understand this scaling property, consider Fig. 1(b), which
shows the optical transmission spectrum of Fig. 1(a) for the range
0.80 < Q < 1.20. This spectrum is the same, as shown in Fig. 1(c),
to the one representing the 15th-generation quasiperiodic FB
sequence (i.e. it has been recovered after six Fibonacci
Ry \ generations), for the range of frequency reduced by a scale factor
e approximately equal to 25, characterizing a six-cycle self-similar
SN behavior with respect to the generation number of the Fibonacci
seauence.

Fig. 1: Transmission spectra of a light beam into a FB photonic structure.
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Time dependent electromagnetic pulses propagating with deceleration along the dominant propagation
direction and passing a dielectric layer is investigated in the 1D+T case. Consideration is made by using an
integral equation in paraxial approximation and the symmetric Green’s function.

Introduction

An approach which considers a problem when electromagnetic pulses are generated by an external
source is given without making any assumptions on the temporal dependence of the field but with
assumption of the paraxial approximation. It provides a physically natural picture of the
phenomenon, allows to avoid a problem of backward flow of time and has a clear physical meaning
being free of exotic corollaries [1]. The construction of the decelerating Airy pulse and the Gaussian
is given.

Summary

The problem is described by the integral equation in paraxial approximation by using the symmetric
Green’s function. The results are presented in Fig. 1 where comparison of the reflected wave and the
transmitted one (both in red) with the initial wave (blue) is shown.

Results
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Fig. 1. Comparison of the reflected wave (a) and the transmitted one (b) with the initial wave which is given
in blue.

Conclusion

The interaction of the time dependent Airy and Gauss pulses with a dielectric layer is considered by
a method of the integral equation in paraxial approximation. It is shown that the corresponding
reflected and transmitted pulses propagate in time with deceleration.
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Switchable multi-wavelength figure eight fiber laser effect of multi-mode interference is proposed by
incorporating a tapered non-adiabatic microfiber in a Sagnac loop mirror. The proposed laser generated
single longitudinal modes having a 3 dB line-width of less than 0.16 pm with an optical signal-to-noise ratio
of 58 dB at 82 mW pumping power. Moreover, nonlinear polarization rotation and strain switching
mechanisms are demonstrated for generating single, dual and triple wavelength over more than 20 nm span.

Introduction

Switchable fiber lasers have been developed intensively over the last ten years as it allows a fast
switching from single wavelength to dual and multiple wavelength operation with very high speed
while maintain high stability and reliability. Recent designs accomplished switchable and tunable
multi wavelength fiber laser with single longitudinal mode (SLM) output using a distributed mirror
and configurable filter mirror design and achieved a switchable wavelengths with a 50 and 100 GHz
spacing [1].

Summary

An experimental demonstration of a novel design of multi-wavelength switchable figure eight fiber
laser based multi-mode interference that used a tapered non-adiabatic microfiber of 70 mm length
and 2 um diameter as a comb filter. The design was able to generate single, dual and triple
longitudinal modes. Two mechanisms of nonlinear polarization rotation and straining are used for
switching wavelength over a range of 20 nm span as shows in figure 1.

Results
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Fig. 1. The experimental setup of the proposed figure eight laser besides the generated of the single, dual
and triple wavelength.

Conclusion

The proposed laser generated single longitudinal modes with an OSNR of 58 dB at 82 mW

pumping power with a 3 dB linewidth of at most 0.16 pm. Two mechanisms, nonlinear polarization

rotation and straining, were demonstrated as enabling efficient generation of single, dual and triple

wavelengths.
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Herein we investigate a conducting film with holes filled with a metamaterial, we find that the surface
texture and geometry can significantly influence the dispersion.

Introduction

In this work, we deal with an influence of the surface geometry and arrangement on spoof surface
plasmon polaritons (SPP) dispersion in more detail and note that the material inside the fundamental
unit can play a major role. The present study may have a significant contribution to the design of
novel types of materials

Results

A dielectric dispersion relation for a conducting film with two-dimensional (2-D) periodic
rectangular holes has already been derived in [1]. Let us assume that holes are filled with a
metamaterial [2]. Fig. 1 shows the dispersion curves for spoof SPPs on corrugated surfaces with
different lattice constants D=200, 300, 400 nm. The groove parameters are a=b=150 nm for all
cases.
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Figure 1. Dispersion relations of spoof SPPs for different lattice constants.

Conclusion

A method for analyzing spoof SPPs on a structured surface has been presented. Compared to the
previous works, our approach enables us to investigate a conducting film with holes filled with a
metamaterial since it takes into account its permittivity.
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This paper reports study on the effect of wavelength and graphene layers on the sensitivity of the surface
plasmon resonance (SPR) sensor. Results have suggested that increase in the wavelength of light decreases
the sensitivity, while increasing the number of graphene layers increases the sensitivity of the SPR sensor.

Introduction

Graphene, a single layer of carbon atoms arranged in honeycomb structure, is emerging as the most
popular material of the decade which is under intense research. Recently, there have been few
reports on using the graphene on thin metal film based SPR sensor in order to improve the
sensitivity [1]. But, the role of wavelength on the sensitivity of the graphene based SPR sensors has
not been investigated. Herein, we report Matlab based investigations on wavelength effect on the
sensitivity of graphene based SPR sensor and relative sensitivity enhancement with increase in
graphene layers.

Results and discussions
Reflectivity of the p-polarized incident light has been calculated using the N-layer model for a most
common Kretschmann configuration. Sensitivity analysis has been carried out for a change in
refractive index unit (RIU = 0.005) using 50 nm gold film coated on high refractive index (SF11)
prism at 633 nm. To analyze the effect of graphene layers, reflectivity calculations have been
carried out for multi-layers of graphene. Sensitivity enhancement over the conventional SPR
(ASriu/Sri”) have been calculated for different wavelengths with increasing the number of graphene
layers, L = 1 to 10, as shown in fig.1. Results have shown that with increase in the number of
graphene layers sensitivity increases while increase in the wavelength cause reduction in sensitivity.
o

800nm
—v—900nm

1000nm
—<—1550nm

154

;U/SZMI 1
N
\.
\l
\\
\

AS,

R
.\.

Numnber of graphene layers, L

Fig. 1. SPR sensitivity enhancement as a function of graphene layers at different wavelengths.

Conclusion

Effect of wavelength and relative sensitivity enhancement over conventional SPR sensor have been
investigated and found that increase in wavelength reduces the sensitivity, while increase in the
number of graphene layers enhances the sensitivity of the graphene based SPR sensors. These
investigations have opened up new possibilities for highly sensitive biomolecular interactions
studies.
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A single mode, polarization and wavelength insensitive a-Al,Os rib waveguide on thermal oxide with
optimized confinement factor and mode size was modelled for applications at telecommunication
wavelengths at the range of 1.48 — 1.61 pum.

Introduction

Amorphous Al,O; (a-Al20s) is an interesting candidate for waveguide application due to its relatively high
refractive index which allows high optical confinement. This in turn paves the way for small-footprint micro-
photonic devices [1]. Another attractive property of a-Al.O3 based waveguides stems from the fact that large
amounts of rare-earth ions can be homogeneously doped into a-Al.Os and thus is of interest for realization of
integrated optical amplifiers such as active waveguides [2].

Summary

In this study, Beam Propagation Method (BPM) is used to determine single mode, polarization and
wavelength insensitive operation region. Effect of rib width and etch depth for a fixed waveguide height is
investigated with a mode solver program. Simulation range of etch depth and rib width dimensions ranges
from 0 to 0.5 um and O to 10 pum, respectively. This range of parameters has been specifically chosen in
accordance with the growth capabilities of Atomic Layer Deposition (ALD) tool, which is intended to be
used for realization of the devices.
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Fig.1. Schematic of a-Al,O3 waveguide structure Fig.2. Simulation results

Optimized waveguide structure is given in Fig.1. W, D and SH represents waveguide rib width, etch depth
and slab height, respectively. In Fig.2, green filled area demonstrates the region where indicated wavelengths
are single mode for both polarizations and have no birefringence.

Conclusion

In this paper, we investigate the effects of the wavelength, polarization, rib width, and etch depth on
waveguide mode characteristics. As a result, polarization and wavelength independent single mode design
range is identified and a novel TE mode selective filter design is suggested.
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The richness and complexity of laser diode nonlinear dynamics is here revisited in the context of a phase-
conjugate optical feedback. The combination of mathematical and numerical analysis with experiment provides
new insight into the underlying bifurcations and brings new perspectives into this 30-years old problem.

Introduction-A laser diode behaves dynamically like a damped nonlinear oscillator showing so-
called relaxation oscillations. However there exist configurations including external optical feedback
for which these oscillations become un-damped leading to self-pulsation and chaos [1l]. This problem
has been traditionally addressed in the context of conventional optical feedback (from an external
mirror). However applications have driven a resurgent interest in analyzing configurations such as
phase-conjugate optical feedback where the reflected field is dynamically filtered and self-aligned.
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at) a2) Results - Phase-conjugation is achieved experimen-
tally using four-wave mixing in a SPS photorefractive
crystal [2]. The laser diode is an edge-emitting laser
emitting at 852 nm. We model the laser system us-
o 1 2 0 s 1 ing modified Lang-Kobayashi rate equations [3]. Fig-
02) ure 1 shows qualitatively different dynamics observed
numerically and then confirmed experimentally when
increasing the external-cavity length (left: time-trace,
right: power spectrum). In (a) the laser diode shows
self-pulsation at a harmonic frequency of the external
cavity (called external-cavity mode solution or ECM).
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An investigation of confinement losses in liquid crystal filled Photonic Crystal Fiber (PCF) with different
number of air hole rings was conducted. The hexagonal solid core PCF with liquid crystals has been
designed using COMSOL MULTIPHYSICS software.

Introduction

Liquid crystal PCFs are opening new perspectives in optical telecommunication, all- optical switching and
sensing applications [1]. It is important to develop approaches to reduce losses occurring within the core of
the PCF, so that the Signal to Noise Ratio (SNR) is improved and thereby the transmission and sensing range
of the fiber can also be increased. Confinement loss is the leakage of power from the core into the cladding.

Summary and Results

Confinement loss depends on the number of rings and it decreases with increase in number of rings. As the
number of rings is increased, light confinement increases and confinement losses also gets reduced. In our
analysis, the four ring structure showed minimum confinement loss, because the field leakage was negligible.
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Fig. 1. Cross section of liquid crystal PCF Fig. 2. Confinement loss vs normalized wavelength.

Fig. 1 shows the cross section of the designed four ring liquid crystal PCF, where pitch (A) is the hole to hole
spacing and d is the diameter of the air hole. Refractive index of background material, silica is taken as 1.45
and the airhole is infiltrated with liquid crystal having index value 1.522. Fig. 2 shows the variation of
confinement loss (L) with respect to normalized wavelength (MA) for a liquid crystal filled PCF with
d/A=0.5, A=2um, d=1 pm for different number of air hole rings in the cladding. For small values of d/A, the
resulting loss can be large unless a sufficiently large number of air holes are introduced in the PCF core.

Conclusion

From the current investigation, it was found that confinement loss is a strong function of number of rings
employed in the cladding. The greater the confinement, the lesser will be the confinement loss. Further
investigations will be carried out by varying the air hole size, shape and distribution for improving the SNR.
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Dipartimento di Elettronica, Informazione e Bioingegneria, Politecnico di Milano, Milano, Italy
?Institute of Materials Physics, University of Munster, Miinster, Germany
3Institute of Materials Science, University of Stuttgart, Stuttgart, Germany
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*andrea.melloni@polimi.it

We propose a Lorentz-oscillator-based model to describe the change of the optical properties of ion-
intercalated mixed ionic and electronic conductors (MIECs) in the visible and near-IR wavelength range.

In mixed ionic and electronic conductors (MIECs), intercalation of mobile ions and coupled
changes of electron concentration can be reversibly controlled by an applied voltage between
suitable contact materials. This is usually accompanied by a non-volatile and reversible change of
the optical properties. Many transition metals based MIECs (Ta,Os, WO,, and V,0s) can intercalate
ions and exhibit also good transparency in the near-IR range, thus making them good candidates for
many optical applications. In this work, we analyze the physical mechanisms responsible for the

change of the real (n) and imaginary (k) part of MIECs upon (@) Vo

ion-intercalation. Our results show that the free-charge s < " e o o%ee

- . . .‘.‘i% T ] 03 bd V%03
Drude model conventionally employed for modeling carrier e/ b oRe” §¢ bound
injection/depletion effects in covalently-bonded crystal (e.g. Li*'3*x “ee| 2.‘%.{? electron
Si and InP, often referred to as Soref equations [1]) does not _>:."_-',‘£ A k, ?;“é r%’;e,
apply to MIECs. e AN TS
In ion-intercalated MIECs, Coulomb interaction between . ] T i ]
conduction electrons and lattice ions (Fig. 1a) results in a (6) ™" 8ound 1

strong electron-phonon coupling (polaron particle). Polaron 0.2}~
effects can be described by the Lorentz oscillator model, <
where conduction charges are assumed to be bounded to the
crystal atoms. The complex dielectric constant ¢ is given by 0
2 (c)
E=&,+— a)p2 = (1) o2
jolt+o; -
where ¢ is the static dielectric constant, a,=(Ng%sm’)"? is
the plasma frequency (N ion intercalation density, g electron

= MIEC(exp) |

A
§ Freecharge |

c
< O

-0.2

charge, & vacuum permittivity, m” polaron effective mass), 500 1000 1500 2000 2500
r and ay = 27¢/ Ay are polaron relaxation time and resonant Wavelength [nm]
frequency. Fig. 1 shows a comparison between experimental Fig. 1. (2) Schematic picture of ion-
data reported in the literature [2] and theoretical models for intercalation in MIEC; comparison

. o . . between experimental data (squares) [2]
(b) Ak and (c) An in a Li-intercalated WOs film with & e orcalated WO free-

N=1.47-10* cm™®, demonstrating the accuracy of the bound "~ charge (blue) and bound-charge (red)

charge model across the entire visible/near-IR range. model for (b) An and (c) Ak.
Around ay (an << 1/7), simple relations can be derived
200% 2 _ 22 2
=R N @ Ak =T - A NN (3)
2ng, A 2nw 4meg,c

representing the analogous of the free-carrier Soref equations for ion-intercalated MIECs. The
validity of the model has been demonstrated also for other material compounds (V20s, LiC00,).

[1] R. A. Soref, et al., IEEE J. Quant. Electron. 23, 123 (1987).
[2] K. von Rottkay, et. al., Thin Solid Films 306, 10 (1997).
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Diffraction Suppression and Soliton Formation in Binary Plasmonic Lattices

Yao Kou* and Jens F&rstner
Department of Electrical Engineering, University of Paderborn, Warburger Str. 100, 33098 Paderborn,
Germany

* yao.kou@uni-paderborn.de

Introduction

New types of plasmonic solitons are studied under a binary metal-dielectric lattice. We find that the
transverse lattice modulation greatly suppresses discrete diffraction and decreases the required
nonlinearity to support these subwavelength solitons.

Summary

Plasmonic solitons have received an increasing attention in the recent years, due to its
fundamental and practical interest in nonlinear optics and nanophotonics [1,2]. The space
localization of these solitons is not restricted by the diffraction limit. However, due to the strong
discrete diffraction, giant nonlinear refractive index is usually required, which create a barrier on
their experimental realization.

Here we consider the existence of solitons in a binary-modulated plasmonic lattices. Under a
suitable modulation depth, we observe significant diffraction suppression, accompanied by the
generation of a transmission gap inside the fundamental band. Figure 1(a) shows a plasmonic
soliton supported by the binary lattice. Compared with its counterpart in the uniform lattice, one
sees that the soliton size can be deeply compressed with a reduced power and nonlinearity level, as
shown in Fig 1(b). We also reveal the existence of photonic-plasmonic vector solitons in such
binary lattice, whose mutual trapping behavior is determined by the originating band of the
plasmonic component.

Results
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Fig. 1. (a) Normalized electric field profile of Type-i plasmonic solitons. (b) Soliton effective diameter D vs.

nonlinear refractive index dn, for Type-i binary solitons and uniform solitons.

Conclusion
We show significant diffraction suppression and ultra-small solitons in binary plasmonic lattices.
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Efficient Optical Modeling of Graphene

R.B. Armenta, J. Niegemann, J. Pond”, A. Reid
Lumerical Solutions Inc.
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An efficient numerical approach for modeling graphene within the FDTD algorithm is presented here. By
introducing graphene as a 2D conductive surface within a 3D FDTD discretization, we show that the
properties of graphene can be accurately modeled without resorting to very fine grids.

Motivation and Approach

Simulating graphene using a 3D permittivity (or conductivity) is computationally inefficient
because graphene is usually a thin material layer with a thickness as small as one atom. Our method
introduces graphene as a 2D conductive surface within a 3D FDTD grid and avoids the need for
small mesh sizes. It is able to accurately account for the full dispersion of graphene at arbitrary
temperature and chemical potential, including both intra-band and inter-band effects. As an
example, consider the slotted graphene waveguide geometry described in Fig. 1 (left). The
structure, originally introduced in [1], is excited with the mode shown in Fig. 1 (right).
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Fig. 2. Electric field amplitude along the propagation axis (z) with (left) and without (right) a bias voltage.
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Conclusion
Our approach can accurately simulate the properties of graphene, and obtain good agreement with
significantly less efficient 3D effective permittivity based methods.
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Analysis of modal spectrum and associated thresholds of a silver-strip plasmonic
nanolaser as a novel light emitter

0.V. Shapoval " A.l. Nosich
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*0olga.v.shapoval@gmail.com

An electromagnetic analysis of modal spectrum and associated thresholds of a silver-strip plasmonic
nanolaser as a novel light emitter has been presented.

Problem formulation and basic ideas

Progress in the understanding of the resonance phenomena able to concentrate the electromagnetic-wave
power at the nanoscale opens ways to miniaturize various devices important for advanced photonic,
optoelectronic and sensing applications. One of such devices is the plasmon-assisted nanolaser. The first
demonstration of this effect was published in 2009 in [1], where the lasing was achieved in a random
solution of gold nanospheres covered with dye-doped silica shells. Other groups have studied the lasing in
periodic arrays of nanoparticles immersed into an active layer [2]. Potential applications of such devices are
numerous, and they can include the sensing of refractive index changes, through the measurements of the
emission wavelength.

We consider a thin silver nanostrip (of the complex refractive index v,, =&,

=&,y (1)) placed into an active
circular cylinder (shell) with complex-valued refractive-index v=a—iy, where « >0 is the real-valued
refractive-index and » >0 is the bulk material gain. This core-shell structure is immersed into the host

medium of another refractive index, for example, air. Assuming the lasing-mode frequency to be real-valued
and following [3], we formulate the lasing eigenvalue problem (LEP) in terms of pairs of real positive
numbers (As, %), Where /s is the wavelength and y is the associated threshold value of material gain in the
cylinder, introduced as imaginary part of the bulk refractive index. Due to the inherent two-fold symmetry,
all modes split into four independent classes of symmetry with respect to the x and y-axes: x-even/y-even
case (EE), x-even/y-odd case (EO), x-odd/y-odd case (OO), and x-odd/y-even case (OE) and using
generalized boundary conditions and Nystrom-type discretization [4] derive to four independent
characteristic equations, det| A" (4, ) |=0 for each class of symmetry (i,j = E,O), and find their roots (s, 1)
numerically.

Some of the preliminary results for such ab initio modeling of the EO-class lasing modes and
corresponding relief of the det| A¥ (A4, y)| as a function of the wavelength and threshold gains, together with
near-field portraits are shown in Fig. 1.
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Fig. 1. Nanolaser geometry. Relief of the det| A¥° (4, )| of the modes of EO-class symmetry for strip of
d =100 nm, h =20 nm ,a = 300 nm. Near-field portraits for the H-polarized lasing modes of a nanostrip laser.
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Numerical Investigation of a Fiber Grating Coupler on SOI for SDM
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A numerical investigation of a two dimensional integrated fiber grating coupler capable of exciting several
LP fiber modes in both TE and TM polarization is presented. Simulation results and an assessment of the
numerical complexity of the 3D, fully vectorial finite element model of the device are shown.

Introduction

To satisfy the ever growing demand in bandwidth in optical communication systems, much research
has been focused recently on the exploitation of the last remaining degree of freedom - space.
Spatial Division Multiplexing (SDM) potentially offers a manifold increase in bandwidth by means
of multi-core or multi-mode transmission. However, generating and detecting multiple spatial
distributions of light efficiently is a difficult and cost intensive endeavor. Therefore an integrated
solution to this problem is an attractive alternative, when it comes to low cost and high bandwidth
transmission systems. We propose an integrated fiber grating coupler on the Silicon On Insulator
(SOI) platform, that is capable of exciting and detecting the LPg;, LP11a, LP11p and LP;;, fiber
modes in two orthogonal polarizations at the same time and independently of each other.

Concept

The device is based on a two dimensional fiber grating coupler with four input arms (c.f. Fig. 1), of
which each carries either the fundamental waveguide mode TEq, or the first higher order mode
TEjo. If the fields on opposing input arms are in phase, the resulting scattered field will exhibit a
plane phase in longitudinal direction, while in case of a phase shift of A¢ = 180°, two opposing
phases are created. The field in lateral direction is controlled by the use of either the TEqy mode for
a plane phase front or TE;o mode for a lateral phase shift of 180°. The polarization of the resulting
field is regulated by means of two orthogonal pairs of input waveguides.

In; [ In, | Mode | A Out Pol.
a b TEoo 0° LPOl Ex
a b TEoo 180° I—Pll,b Ex
C d TEoo 0° LPo; Ey
C d TEoo 180° LP]_]_’b Ey
a B TE]_O 0° LP]_]_’a EX
a B TElo 180° I—P21,a Ex
C D TElo 0° LP11,a Ey
a c D TEjo 180° LP21a | Ey

Fig. 1. Schematic of the device and a table of all excitable modes.
Fully three dimensional finite element simulations of the device show an overall coupling efficiency
of approximately 3dB at the center wavelength of A = 1.55um, while maintaining a low cross-talk
and low mode dependent loss.
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Numerical Investigation of the Photon-Extraction Efficiency

for INnGaAs/GaAs Quantum Dots in Microlens-Mirror Structures
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A numerical investigation of the optical properties of quantum-dot single-photon-emitters is presented.
Monolithic microlenses of various shapes and back reflectors are compared with respect to the emission
characteristics as a function of the numerical aperture of the light-collection optics.

Introduction

The reliable generation of single photons is crucial for secure quantum communication channels as
well as studies of entangled photon pairs. Semiconductor quantum dots (QDs) have proven to be an
excellent alternative to the widely used attenuated lasers, showing very high quantum efficiencies
and high emission rates. Being compatible with standard semiconductor manufacturing processes,
QD single-photon emitters can be produced in large quantities with low cost. For the deployment in
guantum communication channels the photon-extraction efficiency is an important figure of merit,
as it determines the obtainable bit rate of the channel. Therefore a deep understanding of the impact
of device geometry and performance-enhancing measures can yield great benefit.

Device modeling

Due to the highly complex nature of the structure

(cf. Fig. 1), very precise simulations are required ~ ARc=tnes
to obtain an accurate model of the device. The (siN)
fully-vectorial finite-element solver JCMsuite is
employed to obtain a realistic representation of
the electromagnetic field in near- and far-field
regimes. The high-refractive-index-contrast
material system of the GaAs based single photon
emitter at the operation wavelength of A = 935nm
demands a high degree of numerical accuracy,
which would not be obtainable by approximative
methods. Although the device itself exhibits a
rotational symmetry (cf. Fig. 1), the quntum-dot
source, which is represented by a dipole,
prohibits a simplification to two dimensions. Since next to the photon-extraction efficiency, the
electromagnetic field in the far-field region is of interest (e.g. when considering coupling to fibers
or other optics), the near- and far-field distribution needs to be modeled in an open enviroment
using adaptive transparent-boundary conditions (PMLs) for scattering into homogeneous (air) and
structured (DBR / substrate) media. A numerical study is conducted to obtain optimal lens and back
reflector designs, using an accurate finite-element model of the large-scale device in an open
environment.

guantumdot
(In,Ga,_As)

wetting layer
(In,Ga,_ As)

/

Fig. 1. Cross-sectional schematic of the QD SPE
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Modified Grating for High Absorption Enhancement Thin Film Solar Cell

Muhammad H. Muhammad * , Mohamed F. O. Hameed 2, S. S. A. Obayya **
! Centre for Photonics and Smart Materials, Zewail City of Science and Technology, Egypt.

“Faculty of Engineering, Mansoura University, Mansoura, Egypt.
“sobayya@zewailcity.edu.eg

In this paper, a novel design of grating thin film solar cell is investigated and analysed using 3D
finite difference time domain method. The suggested design has a modified rectangular grating with
hydrogenated amorphous silicon (a-Si:H) as an active material. The aim of our work is to maximize
the absorption enhancement of thin film solar cell by using a modified grating design in the active
layer. Therefore, the effects of the structure geometrical parameters on the absorption are
investigated. The numerical results show that 72% absorption improvement is achieved over the

conventional thin film solar cell.

Design and Numerical Results
Figure 1(a) shows cross section of the suggested thin film solar cell for high absorption

enhancement. The proposed design is based on modified grating through the active layer to enhance
the light absorption. Fig. 1(b) shows the absorption of the active layer for the reported design,
conventional thin film solar cell [1] with and without rectangular grating. It is evident from this
figure that the absorption % of the suggested design is greater than those of conventional designs.
The numerical results show that our design offers 5% and 72% absorption improvement over the
conventional thin film solar cell with and without rectangular grating, respectively.
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Fig.1 (a) 2D schematic diagram of the proposed modified grating thin film solar cell. (b) Spectral
absorption of the a-Si:H photo-active layer as a function of the wavelength at different types of thin

film solar cell.
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In this paper, a novel numerical method based on the sinc-Galerkin method with domain decomposition is
proposed. The field components are expanded by a suitable set of sinc basis function. Patching of
subdomains is done by imposing the continuity of longitudinal field components E; and H,. The proposed
method overcomes the problem of unphysical field reflections since basis are defined for the entire outer
domains i.e. no PMLs are required.

Mathematical Formulation
The wave equations used in each subdomain for Hyand Hyare as follows:

VPH, +kg (n®—n% JH, =0, z=x,y, (1)
where ng, = /K, is the mode effective index, and £ is the propagation constant.

The field components Hyor Hy are expanded in each subdomain k as follows:
N N
HEO= 20 2 c’s00s () 7=x.y, e

i=—M j=—M

B sinf (z/h, ) (@% —kh,) ]
SO ) o k)

where ¢* is a suitable conformal map for each subdomain k.

L T=X,Y, 3)

Numerical Results

A standard rib waveguide structure whose cross section is shown in Fig. 1 will be analyzed. The rib
width, W, is 2.0 um, the rib height, H= 1.1 um, and the outer slab depth, D = 0.2 um, and the
operating wavelength is 1.55 um. The refractive indices of the guiding, nc, and substrate, ns, regions
are 3.44 and 3.34, respectively. The values of the effective index for fundamental quasi-TE and quasi-TM
modes reported in table 1 compared with those obtained using the multi-domain spectral collocation method
[1]. The results are in good agreement.

— |
| Nair
_ Table 1: Effective indices for rib wavguide obtained
H | ' by sinc-Galerkin and multi-domain spectral method

N¢

D Quasi-TE Quasi-TM
Sinc-Galerkin 3.38876 3.38756

ns MD spectral [1] 3.38871 3.38785

Fig. 1. Schematic diagram of the rib waveguide structure.
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Optimization of Gold Nanorod Arrays for SERS analysis of CTCs
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We report on the modelling, using the Finite Element Method (FEM), of gold nanorod arrays for the Surface
Enhanced Raman Spectroscopy (SERS) analysis of circulating tumour cells (CTCs). An enhancement factor
of approximately 10° is achieved at a wavelength of 785nm for optimal design parameters.

Introduction

The enumeration of CTCs is a promising approach for early detection and frequent monitoring of
cancer. Through the engineering of nanostructured substrates, targeted CTCs can be directly
identified using SERS.

Summary

When gold is conveniently nanostructured, field enhancements large enough to overcome the low
molecular Raman cross-section of adsorbed molecules enable their detection, such as for CTC
biomarkers and even single molecules. Here, we report on the modelling of arrays of gold nanorod
on silica substrates for SERS analysis. Using FEM, the Localized Surface Plasmon Resonance
(LSPR) characteristics of the arrays[1] are calculated, in order to investigate their potential as SERS
substrates. Averaging the electric field in a volume around each nanorod, provides an estimation of
its suitability for SERS. Their geometrical parameters (size, aspect ratio, pitch distances and
different substrates) are then optimized for an excitation wavelength of 785 nm (a common line in
Near IR Raman spectroscopy).
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Fig. 1. Calculated electric field around a gold nanorod 50 nm wide with an aspect ratio 1.9 (left figure), the
normalized enhancement factor for an array of these nanorods (horizontal pitch = 110 nm, vertical pitch =
180 nm) on a silica substrate covered with a 15 nm layer of ITO (right figure).

This optimization corresponds to enhancement factors of more than 107, corresponding to electric
fields ~60 times greater than the incident field, once the design parameters are moderated from the
consideration of fabrication limitations. The tuning of the pitch distances for the arrays of nanorods
provides a substantial increase of this factor (~10?) over isolated nanorods.
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Acousto-optical Interaction in Ge-doped Silica Planar Optical Waveguide
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A full-vectorial finite element based approach, exploiting structural symmetry, is used to find light-sound
interactions between the fundamental quasi-TE optical mode and fundamental and higher order transverse
acoustic modes in a Ge-doped planar silica waveguide.

Summary

Stimulated Brillouin scattering (SBS) is a nonlinear process of acousto-optical interaction that can
limit optical power delivery, but can also be exploited for optical sensing. Recently, we have
developed a full-vectorial acoustic code [1] and here we report light-sound interactions in a planar
silica guide. The height and width of the core are taken as 3 um and 6 pum, respectively and core is
doped with 10% Ge to increase both the optical and acoustic indices to ensure that optical mode is
guided at the operating wavelength of A, = 1550 nm. This waveguide supports higher order
longitudinal and shear acoustic modes. Variations of the phase velocities with the acoustic
frequency for the several shear modes are shown in Fig. 1. The dominant Hy field profile of the
quasi-TE mode is similar to that of the dominant U vector profile of the U*;; acoustic mode, and
their overlap was significantly high as shown by a blue curve in Fig.2 (left hand scale). On the other
hand, overlap of this Hy profile with the non-dominant profiles of the fundamental acoustic modes,
with odd symmetry will cancel out and the acousto-optical interactions would be negligible. The
overlap of the optical field with the higher order transverse U*3; mode is also carried out and found
to be below 5%, shown by the green curve (right hand scale). However, it should be noted that
although overlap of Ux profile for the U*;; mode with the optical field is zero as the former has odd
symmetry, but its non-dominant Uy profile may have a considerable overlap, as this have an even
symmetry. It is observed to have near 20% overlap, shown by a red curve (right-hand scale). So, to
study complex light-sound interaction in optical waveguides, non-dominant components should also
be considered by using full-vectorial acoustic and optical modal approaches, as presented here.
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Modelling of microbending loss in optical fibres
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We present an analytical model for microbending in optical fibres. Using our model together with the beam
propagation method (BPM) we have investigated microbending loss in four different types of optical fibre.

Introduction

Microbending in optical fibres results from high-frequency random perturbations of the fibre core
along the fibre axis, as illustrated in Fig. 1(a) and is an important cause of loss in many optical
fibres [1]. To investigate microbending-induced loss, an analytic function is proposed for the
random perturbations which is used in numerical simulations using the beam propagation method.

Model and Results

For an ideally straight optical fibre, the refractive index profile n=ny(x, y) is constant along the
propagation direction. In the presence of random perturbations of the fibre axis the refractive index
profile can be expressed as n=ny(x—f(z), y) where f(z) describes the random perturbation of the
fibre core. In general, the random function f is described by an auto-correlation function R and

associated power spectral density E(a)). Assuming an exponential auto-correlation function R, f{z)
can be written as a sum of sinusoids as follows:

f(z) = ﬁ 2w, R(kew,) cos(kw,z + ¢,)

where L. and ¢ are correlation length and standard deviation of f, respectively. ¢ is a uniformly
distributed random phase, N = 64L/(2nL.) and w, = 2w/L where L is the fibre length. The random
function f was used to calculate microbending loss using a beam propagation program with
transparent boundary conditions for: (1) a single mode fibre (SMF), (2) a few-mode fibre (FMF)
with 3 modes, (3) a multimode fibre (MMF) with 55 modes and (4) a ring-core fibre (RCF) with 13
azimuthal modes, as shown in Fig. 1(b). Fig. 1(c,d) shows the microbending loss calculated for each
of these fibres (L=40L.) at a wavelength of 1550nm. For SMF, the microbending loss agrees well
with theoretical values calculated in [1], indicating the validity of the proposed model. The
microbending loss of each fibre increases with increasing standard deviation ¢ or decreasing
correlation length L. as expected. It is interesting to note that the RCF and SMF suffer nearly equal
loss, whilst the microbending loss of FMF is about two orders of magnitude lower than SMF.
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1D Glass Bragg grating analysis for integrated Raman pump filtering in the
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1D Glass Bragg grating is modelized using both a Bloch-mode computation and the AFMM?. Thanks by the
Redheffer star product, finite length grating with high number periods are characterized. We demonstrate a
2mm length grating is enough long as integrated Raman optical pump notch filter.

Introduction

The Raman spectroscopy is a very accurate, non-destructive method to characterize the molecular
composition of a material, based on an optical frequency shift propagating in a sample under test. A
lot of research are focused on mobile and low cost device to realize this kind of analysis. High
resolution spectrometer is then necessary to analyze the scattering signal after eliminating the
optical pump. SWIFTS! is a high spectral resolution spectrometer using glass integrated optic
waveguide with low confinement. In order to implement this spectrometer in a Raman spectroscopy
device, it is suggested to insert a Bragg grating in the glass chip to play the role of the optical pump
notch filter. There is of course constraint of size. We modelize this filter in this paper taking in to
account the balance between performances and size.

2048 periods

Transmission in dB

SU m mary . depth=500 nm and nsupersna‘e:l.49

The glass waveguides realized for the e |

SWIFTS is monomode at the optical pump

wavelength (532nm or 785nm). The grating -

is realized by etching the surface of the B A\

glass at a specific depth with an \

approximatively square shape and a duty 10 F E

cycle around 50%. Firstly, an infinite

grating is considered to calculate the Bragg \ ——— 4096 periods

resonant wavelength using a Bloch-mode _f;g}ggfgg;gzsﬁ
computation of one-dimensional grating N 32768 periods ||
waveguides?. Secondly, to analyze the finite — 05530 periods I
length of the grating, the Aperiodic Fourier 100 o 5;3 =
Modal Method is used. Long grating is Ainnm

calculated using the Redheffer star product®

in order to reduce the number matrix used to modelize the grating. High minimum transmission is
reached under 30dB for 2mm length and a bandwidth of 0.1nm. In the following figure, the
transmission is shown for etched depth of 500nm and for different waveguide length.
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Design Methodology for Metal Clad Polarizer in SOl Waveguides
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We here give a specific design methodology for design of metal clad waveguide polarizers and
validate it on a design of a polarizer in SOI configuration.

Metal clad waveguide polarizers in various configurations have been proposed for suppressing the
TM polarization [1-3]. However, optimal design for such polarizers is usually based on parametric
simulations. We here give a specific design methodology for design of metal clad waveguide
polarizer (Fig.1la) based on phase matching between the guided TM waveguide mode of the
dielectric waveguide (Fig.1b) and surface plasmonic TM mode supported at the metal-dielectric
interface (Fig.1c). The design steps are validated by design of metal clad polarizer in SOI
configuration at A, = 1550nm shown in Fig.1a. The design criteria explicitly shows the necessity
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Figl.a) Polarizer in SOI configuration, b) Dielectric waveguide, ¢) Plasmonic waveguide.

of a ‘thin” high index buffer layer, chosen to be silicon nitride, between metal and cladding layer to
obtain a phase matched mode of the dielectric waveguide which is well guided. The thickness of the
high index buffer layer is defined by the criteria that the plasmonic waveguide supports only one
TM mode ( t, < 550nm).We chose t,, = 500nm, to obtain the TM effective index as (1.9939,-
0.0160), and the corresponding thickness, d = 212.6nm for phase matching. The resulting
polarizer section supports one TE mode (which is identical to that of the input/output waveguides)
and two TM modes [with effective indices n,,= (1.9968, -0.0053), n,,= (1.9914, -.01075)]. The

length of the polarizing section is defined by the coupling length required to couple the TM

waveguide mode to the resonant plasmonic mode and can be evaluated as! Ty e— (n'::_nez) =

0.14mm. This length depends on the thickness of the cladding insulator layer. We have chosen it

ast; = 500nm.

The designed slab waveguide configurations can now be converted to the ridge waveguide

configuration by choosing an appropriate width of the ridge so as to support single TE/TM mode

along the transverse direction. Our calculation shows that at the width of 320nm the input/output

ridge waveguides support one TE and TM mode while the polarizer section supports two TM

modes.
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Design of an ultra-compact polarization splitter based on silicon-on-insulator platform is presented by using
a full-vectorial finite element method.

Introduction

TE/TM polarization splitters are important integrated components for polarization diversity optical
systems. Here design optimization of a compact optical polarizer is presented by exploiting the
polarization dependent coupling lengths of high-index contrast waveguides.

Summary

The polarization splitter proposed here is a very compact design by using two coupled identical
nanowires which can be fabricated by using the mature CMOS technology. A full-vectorial Finite
Element method (VFEM) [1] in used to calculate the coupling lengths for the two polarized modes.

Results

From the modal solutions, the coupling length Ratio (L¢’ /L) for the TM and TE polarizations are
calculated and shown its variation with the waveguide width in Fig.1 (a) for three different guide
heights. It can be observed that as width of the guides increase, this Ratio also increases and it is
possible to obtain an optimum Ratio of 2. For H=280 nm, this is obtained when waveguide width is
311 nm and with separation distance 150 nm the device length equal to 5.235 um, where most of
the TE and TM polarized modes will couple to two separate ports. Effect of the width variation on
the device performance is shown in Fig. 1(b).

= H=260nm, S=150nm 1 H =280 nm, S =150 nm
=== H=280nm,S =150 nm

--= H=300nm,S =150 nm /d
1 7

280 300 320 340 360 380 280 300 320 340 360 380

Width (nm) Width (nm)
Fig. 1. (a) Variation of the coupling length ratios with the waveguide width for different heights (b)
Variation of the power coupling for different waveguide width for H = 280 nm.

Conclusion

Accurate modal solutions of a directional coupler are obtained to design a compact polarization
splitter and its expected performance is shown by using rigorous numerical simulations.
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Tunable Mid-IR Fiber-Optic Parametric Sources
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Coherent radiations in mid-IR region is of great interest due to their variety of applications, mainly spectroscopy,
atmospheric sensing and molecular finger printing regimes. Since last few years, efforts are being made to generate
broadly tunable mid-IR radiations (2-5 um, 6-14 um). We have suggested a potential way to obtain a broadly tunable
optical parametric amplifier in a CCOF [1-4]. The tunability feature in the device appears due to infiltration of thermo-
optic liquid into air-holes (or capillary) of CCOF. The variation in the temperature of the device, changes the refractive
index of the capillary which further modifies the waveguide dispersion. we numerically demonstrated that thermo-optic
liquid filled capillary-assisted chalcogenide optical fibers are useful in generating mid-IR tunable parametric
frequencies. It was found that it is possible to generate new radiations with varying line widths symmetric to the pump
frequency. We have emphasized that in case of fiber with three zero dispersion wavelengths and high nonlinearity, the
phase-matching curves cannot be approximated only with group-velocity dispersion when the pump is in the anomalous
dispersion region. The sixth-order dispersion parameter plays a crucial role in the generation of narrow gain peaks over
the mid-IR region. The various temperature-dependent phase matching topologies, which are only possible with
different fiber structures, are quite important as one need not to fabricate different fiber structures with very precise
control over parameters as reported in [5]. Our proposed scheme overcomes this difficulty of precise and controlled
fabrication process. The fabrication of capillary-assisted silica or chalcogenide optical fibers is well understood and
established. Figure 1 shows the cross-section of the capillary-assisted chalcogenide optical fiber, generation of tunable
line widths signals for different change in temperatures, and the phase-matching map at room temperature. Fig. 1c
explains the temperature-dependent phase-matching gain dynamics . Several radiations can be generated over 2-6 um,
using only single pump in a 50-cm long CCOF.
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Figure 1: Dispersion characteristics at different temperatures of CCOF (inset) is shown in the LHS of the figure, middle figure shows
the OPA gain and RHS of the figure shows the phase-matching characteristics at AT = 0 °C and 60°C, where color represents the
OPA gain.
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Photon control by multi-periodic binary grating waveguides: A coupled-mode
theory approach
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We present a coupled-mode theory (CMT) approach for the description of the modal behavior of planar waveg-
uides with binary corrugations, created by the superposition of multiple binary gratings with varying pitches
and fill factors. We present inter-modal coupling results for both, bound and radiating states.

Summary

In order to control the photon emission from thin-film devices, high-index layer structuring is fre-
quently used to increase guided light outcoupling efficiency. Multi-periodic nanostructures, yielded
by a logical disjunction of multiple binary gratings, have recently been proposed to achieve simul-
taneous control over multiple spectral resonance positions and relative intensities [1]. The experi-
mental findings were theoretically backed up by a rigorous coupled-wave analysis (RCWA, [2]]) ap-
proach, yielding the leaky modes’ complex propagation constants and diffraction efficiencies. This
approach, however, can only lead to quantitative results outside the device’s band gaps, since only
radiative propagation loss is calculated.n order to provide more physical and quantitative insight to
grating-induced waveguide losses, we implemented a coupled-mode theory (CMT, [3]]) approach for
the semi-analytical treatment of the corrugated waveguides modal behavior. In this contribution, we
present guided-to-guided as well as guided-to-radiation mode coupling in multi-periodic binary grat-

ing waveguides.
X

a) 4/ nz =1 b) 0.5
a nz = 1.91 Fourier
m = 1.52 -30  -20 -10 0 10 20 30  index
A 1

c) d) 00
coupling coeff. = 0.8

in m~18 2 650
2 -16 ; 0.6
[ I I_M Eo 600 o4
500 600 700 A(nm) 2 550 0.2

500 / 0

-80 -60 -40 -20 0 20 40 60 80
emission angle 9 in °©

Figure 1: Transverse-electric (TE) modal behaviour of a two-periodic waveguide, with periods 350 nm and
450 nm; a) geometry sketch and TEy mode profile, b) Fourier index moduli for the two-periodic grating, c) TE,
to TE_y mode-coupling coefficients, d) normalized TEy to radiation-mode coupling coefficients.
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The temperature distribution in a silicon nanotip focusing device with a plasmonic tip is modelled using a
coupled electromagnetic-thermal model based on the Transmission Line Modelling (TLM) method. The
model shows excellent agreement with measured results taken from the literature.

Introduction

Plasmon waveguides are important components for the nanoscale manipulation of light. The
large ohmic losses of noble metals at optical frequencies inevitably give rise to Joule heating,
thus opening a new avenue for the nanoscale control of temperature. Several methods including
the Boundary Element Method and the Discrete Dipole approximation method [1] exist for
modelling steady state thermodynamics. However, modelling transient thermal behaviour is
more difficult. In this paper we model the thermal heating of a silicon nanotip focusing device
using a time domain numerical method, where the feedback from the electromagnetic (EM)
model to the thermal one is enforced on regular time-intervals. In this coupled model, optical
field evolution is modelled using the EM TLM method where the metallic tip is described using
a plasma model. The EM power loss is then used as a heat source for the thermal TLM method
[2] to model temperature distribution.

Results

The dimensions of the silicon nanotip focusing device are
taken from [3] and modelled using the two-dimensional
coupled thermal-EM TLM method. The waveguide is excited
with a fundamental TM mode of amplitude 10mA/m, at a
wavelength of 1.55um. The Joule heating in the metal was
considered to be the only heat source as silicon optical losses
are negligible at this optical frequency. The EM field
distribution and temperature profile the model within time
frame =200ps are shown in Fig.1 (a, b) respectively. Our

. . . 3
modelling results agree very well with experimental ones from DXJum
[3]. Fig. 1. (a) Electric field [V/m],
(b) Temperature At [C?]
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Following a brief discussion on multiphysics modelling requirements in modern optical components, we
shall review the range of coupled physical effects that can be resolved along with the optical wave
propagation in COMSOL Multiphysics® finite element modelling package.

Introduction

Optical components are engaged in most modern high-tech electronic devices in retail,
communications, space and defense industries. They are required to perform within narrow margins
while often being exposed to a range of adverse conditions in harsh operating environments that
may inhibit their performance and life cycle. In most cases the designers would be concerned with
thermal and mechanical side-effects which can also be expressed in optical elements embedded in
integrated circuits. Some of these operate at RF frequencies and generate large amounts of heat.
Some external loads can also be inherited during the manufacturing process or constitute the
principle underlying the device functionality, for example in sensors.

Incorporating the effects of environmental loads in the design process of optical components can be
a laborious task, both due to the physics involved and the ranges of parameters that have to be
considered for optimisation. This makes the physical prototyping approach prohibitively expensive
and time consuming. In addition, some of the operating conditions can be very hard or even
hazardous to reproduce in laboratory. This suggests that a software tool with an integrated
multiphysics capabilities for modelling optical devices would spur the efficiency of design process.

Overview
In this presentation we shall introduce the COMSOL Multiphysics® finite element modelling
package, point out the features that enable efficient modelling of standard optical applications, and
demonstrate the capabilities of the tool in the analysis of thermal, mechanical and electrical loading
effects. We shall consider the examples of:
e Parasitic birefringence resulting from a thermally induced stress due to a mismatch in
thermal expansion produced after annealing at high temperatures;
e Mach-Zehnder modulator, device in which optical field is modulated by an RF signal;
e Simulation of a thermally integrated photonic system architecture. This architecture will be
used in new laser devices and harnesses thermoelectric effects for cooling.

Finally, we shall discuss the new multiphysics interface introduced in the latest release of
COMSOL Multiphysics® that enables modelling of optoelectronic devices. It allows the systems of
governing drift-diffusion equations of semiconductors and optical wave equations to be solved
simultaneously.
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Introduction

Optical coupler is one of key devices used in optical interconnect for constructing optical
communication system [1], especially as the special device for optical cross-connect (OXC).
Electro-optic (EO) effect or Thermo-optic (TO) effect are used to realize tunable optical couplers.
Usually, a large device length is required due to slight change of the refractive index caused by
them. In this paper, we demonstrate the tunable double outputs coupler based on the mode selection
MMI by adjusting the small lateral displacement at the fiber-waveguide interface precisely.

Summary

The schematic of the coupler is shown in Fig. 1. It consists of a 1x4 coupler and a taper fiber. The
separation distance between the axis of the taper fiber and input waveguide is Ax, which can be
adjusted to control the switching sates of the tunable coupler. When the Ax = 0, only the guide
mode can be excited in the input waveguide as shown in Fig. 1(A). When the Ax # 0, the lightwave
oscillates along the input waveguide due to the interference of the guided mode with quasi-guided
modes, in which quasi-guided modes are generated at the fiber-waveguide interface as shown in
Fig. 1(B). The switching characteristics for the tunable coupler is analyzed by 2D-FD-BPM. The
tunable coupler chips can be obtained by using SoS technology.

Results

The tunable coupler chip is tested experimentally. By adjusting the lateral displacement between
the taper fiber and the input waveguide, we can get near-field output mode patterns of the coupler
with low crosstalk and high extinction ratio corresponding shown in Fig. 1(C).
Conclusion

(a)

(b)

(A) (B) ©
Fig. 1. Schematic diagram of the tunable coupler and its operation at (A) central excitation (Ax=0);
(B) lateral displacement excitation (Ax#0); (C) Near-field output mode patterns of the tunable
coupler with (a) Ax = -2um; (b) Ax = Oum; (C) Ax = 2um.
A tunable double outputs coupler based on the mode selective multimode interference (MMI) is
presented which can be implemented by adjusting the exciting location at the input waveguide facet
and integrated as the core PIC devices applied in the mode division multiplexing (MDM) systems.
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High sensitive surface plasmon resonance temperature sensor based on photonic crystal fiber (PCF)
is reported and analyzed. The suggested PCF sensor has a central large core infiltrated with
temperature dependent nematic liquid crystal (NLC) material. The effects of the structure
geometrical parameters, NLC rotation angle ¢, and temperature on the sensor performance are
studied. The simulation results are obtained using full vectorial finite element method. The
proposed sensor is simple for fabrication and can achieve an average sensitivity of 0.77 nm/°C over
temperature range from 20 °C to 50°C.

Design and Numerical Results

Figure 1(a) shows cross section of the suggested silica liquid crystal PCF surface plasmon
resonance (LC-PCF SPR) sensor. The cladding air holes of diameter d are arranged in a triangular
lattice with a hole pitch A. In addition, the air holes of the first ring are replaced by a central hole of
diameter D coated by a gold layer of thickness t. Moreover, the central hole is filled with NLC of
type E7. Figure 1(b) shows the loss spectra of the quasi TE core mode at ¢p=0°, and quasi TM core
mode at ¢=90° at different temperatures, 20°C, 30°C, 40°C, and 50°C. It is revealed from this figure
that the shift in the resonance wavelength increases with increasing the temperature. The shift in the
resonance wavelength is equal to 5 nm, 6 nm, 12 nm corresponding to temperature intervals [20°C-
30°C], [30°C-40°C], and [40°C-50°C] and hence sensitivities of 0.5, 0.6, and 1.2 nm/°C,
respectively are achieved. Therefore, the proposed sensor has an average sensitivity of 0.77 nm/°C
which is superior to sensitivity of 0.35 nm/°C of temperature sensors with ethanol [1] and to that of
[2] with 0.2 nm/°C with almost the same fabrication complexity.
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Fig. 1(a) Cross section of the suggested PCF SPR sensor (b) Confinement loss spectra of the quasi TE
mode at @=0° and quasi TM mode at ¢=90° of the LC-PCF core guided mode at different temperatures
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An InGaAsP/InP multiple quantum well (MQW) superluminescent diode (SLD) is reported emitting at
~1300 nm with simultaneous achievement of high power >70 mW, record broad emission bandwidth of ~117
nm, and exhibiting a wall plug efficiency (WPE) of ~6.8%.

SLDs in the 1300 nm range are highly attractive in the biomedical imaging applications such as
optical coherent tomography (OCT) whose resolution and penetration depth is dependent on the
optical source bandwidth and power, respectively. Currently, this wavelength window is dominated
by InAs/GaAs quantum dot based SLDs with already reported power and optical bandwidth values
in few tens to 100 mW and few tens to 350 nm, respectively [1]. However, on MQW based active
region SLDs, the results are comparatively inferior with demonstrated ~100 mW power and ~80 nm
bandwidth separately. Achievement of simultaneous broad -3 dB amplified spontaneous emission
(ASE) bandwidth and high power form MQW SLDs is the subject of this work.

Fig. 1 shows the room temperature output power—current (L-I) characteristic of 7° tilted
configuration InGaAsP/InP MQW SLD under pulsed operation. A super linear characteristic is
evident with total measured output power (2 facets) of >70 mW. Evolution of ASE spectra at
different current injections showed a -3dB bandwidth of >100 nm for =0.2 A and reaching a
maximum of 117 nm at 1.0 A. The corresponding average spectral power density at this injection is
~0.6 mW/nm and centered at ~1300 nm. The device displayed a coherence length in air of 9.8 um
and maximum external quantum efficiency and WPE of ~13% and ~6.8%, respectively. This
achievement is attributed to the active region engineering and exploiting dispersive ground state and
excited state emissions of the quantum wells.
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Fig. 1. Room temperature L-I characteristics of the InGaAsP/InP MQW SLD and the inset shows the
emission bandwidth at 1.0A.

In conclusion, a small footprint, InGaAsP/InP MQW SLD is demonstrated with 117 nm emission
bandwidth and 70 mW output power covering O — band.
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We present a structure combing a photonic crystal cavity with a plasmonic bowtie nanoantenna producing
spectral confinement and field enhancement for optical trapping. We will discuss coupling mechanisms and
field enhancements in relation to spectral detuning, cavity design, structure geometry and excitation field.

Introduction

Optical traps have a range of applications in the biological sciences, physics, chemistry and material science.
True confinement of nano-sized biological objects is difficult, often requiring a higher laser power which can
lead to photodamage. Optical resonators and plasmonic structures have been used to resonantly enhance the
field and improve optical trapping efficiency. Plasmonic resonators produce very high spatial confinement,
but their high radiative loss results in low resonant field enhancement (Q < 10). On the other hand, Fabry-
Perot, ring and photonic crystal (PhC) based resonators have greater resonant enhancement (Q ~ 500 -
10,000). PhC resonators are particularly interesting for optical trapping due to their high Q-factor and small
size. However, the fields in PhC resonators are largely confined within the plane of the dielectric so that
surface trapping relies on the comparatively weak evanescent field above the dielectric. Zhang et al. recently
reported a hybrid laser based on an L7 PhC cavity and a plasmonic bowtie nanoantenna (BNA) showing that
the BNA strongly influences the fields in the PhC.' In this paper, we use finite-difference time-domain
(FDTD) method to numerically investigate the coupling of an L3-PhC cavity with a gold BNA.

Methodology and Results

The device structure (Fig.1 Left) is a gold BNA positioned on top of an L3-PhC cavity to couple to its
fundamental mode. A benzocyclobutene layer (which fills the holes of the PhC) is used for planarization
above the PhC and acts as a support for the BNA. A polystyrene sphere immersed in water is included to
represent the particle to be trapped.
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Fig. 1 Left: Top view of the simulated structure. Center: Electric field enhancement at the base of the
particle. Right: Pattern of the electric field intensity with (top) and without (bottom) the BNA.

Summary

We show numerically that a hybrid plasmonic-PhC resonator (Fig.1 Left) enhances the trapping field by an
order of magnitude (Fig.1 Center). The presence of the BNA improves the coupling between the cavity and
the trapped particle and spatially localizes the optical field (Fig.1 Right).
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In this work, the vertical mode expansion method (VMEM) is extended to study optical scattering of coupled
nanocylinders. The coupling properties for both metallic and dielectric nanocylinders are rigorously studied.

Introduction

In [1], a vertical mode expansion method (VMEM) was developed to study the extraordinary optical
transmission phenomenon. Here, we extend the VMEM to study optical properties of interacting
nanoparticles. The obtained results confirm the accuracy of the numerical method, in addition, the
coupling properties between the nanocylinders are analyzed in detail.

Method and Results

In VMEM, the electromagnetic field is expanded in 1D vertical modes with “coefficients” satisfying
2D Helmholtz equations. The method requires the so-called Dirichlet-to-Neumann (DtN) maps for 2D
Helmholtz equations on the boundaries of related domains. In this work, we construct the DtN maps
using cylindrical wave expansions. The method efficiently reduces 3D problems to 2D problems.

Fig. 1 shows the scattering cross section of a metallic dimer as a function of the gap between the
two nanocylinders. The gold nanocylider has a constant diameter d = 150nm and height h = 17nm.
The optical constant of the gold is taken from [2]. The refractive index of the surrounding medium is
1.25. With decreasing interparticle gap, the surface plasmon resonance shows a redshift or a blueshift
depending on the polarization of the incident wave. The results obtained from our calculations agree
well with the experimental measurements in [3].
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Fig.1 Scattering cross section of a nanocylinder dimer with a gap varying from 200 nm to 20 nm.

References

[1] X.Lu, H. Shi, and Y. Y. Lu, ”Vertical mode expansion method for transmission of light through a single
circular hole in a slab,” J. Opt. Soc. Am. A, vol. 31, pp. 293-300, 2014

[2] P.B.Johnson, R. W. Christy, ”Optical constants of the noble metals,” Phys. Rev. B, vol. 6, pp. 4370-4379,
1972

[3] W. Rechberger et al. ”Optical properties of two interacting gold nanoparticles,” Opt. Commun., vol. 220,
pp. 137-141, 2003

129
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Wave propagation in nondissipative one-dimensional potentials is studied via Floquet-Bloch functions. Band

structures of such systems amgestigated for analytically solvable cases of continuous and piecewise contin-
uous (binary or sawtooth) potentials. Special attention is given to the incipient bands (vanishing gaps).

I ntroduction

Physical phenomena involving either temporal or spatial periodic variations are described by Hill's
equation

d*V(z)
dz?

+Q(2)¥(2) =0, Q) =Q(z+d), (1)

where()(z) is a continuous (piecewise continuous), periodic, real or complex valued function of the
real variable: with periodd. This equation occurs in many areas of physics including quadrupole field
modeling, electron transportation in a crystal lattice and propagating optic waves in photonic crystals.
Floquet theory encapsulates solutions of Hill's equation (1) in terms of two Bloch waves satisfying the
relation F 5(z + d) = p12F12(2), wherep, , are generally non-zero, complex constants. However

at certain special points the Bloch waves coincide, and another function is needed to complete the
general solution of Eq. (1).

Objectives

The first objective is to find Floquet-Bloch solutions for analytically solvable Hill equations for both
piecewise and piecewise continuous potentials. This includes both binary and sawtooth crystals
(piecewise continuous case) as well as two example of continuous potentials, see Refs. [1][2][3].
We demonstrate the construction of the Floquet-Bloch solutions from any two linearly independent
continuously differentiable solutions known on at least a single périad: < d, see Ref. [4]. The
second objective is to analyze the band structure of those four potentials from a unified standpoint.
Finally we examine typical behaviour of Floquet-Bloch functions in the regions of a band structure
identified as allowed bands, bandgaps, bandedges and incipient bands (vanishing gaps).
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Optical waveguides made from nano-porous materials are of interest for sensing applications. Most literature
describes buried waveguides, whereas rib structure has benefits of increased sensitivity due to larger exposed
area. In this paper we present some basic simulation studies on single mode porous silicon rib waveguides.

Introduction

Porous silicon (pSi) waveguides have a strong potential for use as optical sensors as they offer high
sensitivity owing to their nano-porous structure, which can be functionalized with appropriate dyes
so that the optical properties of the waveguide change in the presence of specific analytes. Different
waveguide sensors can be produced using such technology, however, the majority of the literature
utilises buried pSi waveguides [1,2]. In this paper, we propose the use of rib pSi waveguides for
sensing applications, as those can offer increased sensitivity and faster response times due to larger
exposed surface area. We present basic simulation studies which will enable the design of more
complicated devices such as MZI or microrings.

Simulation

The pSi waveguides are composed of a low porosity (high refractive index) core on a higher
porosity (lower refractive index) cladding. The finite-element method (COMSOL) is used to study
modes of waveguides made of a 62% porous silica core and 68% porous silica cladding on silicon.
The core and cladding layers are 1 um thick as well as the waveguide width. The refractive index of
the porous layers is calculated using Bruggeman effective medium approximation at a 980 nm.
Results

The modes of the rib waveguide as a function of rib height are presented, as well as the effect due to
small changes in the refractive index of the surrounding medium (nyeqium) assuming that this change
is either only outside the waveguide (corresponding to non-porous waveguide) or inside the porous
voids of the waveguide.
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Fig. 1. (a) Effective mode indices for various rib heights; TE mode distribution for rib height of (b) 0.2, (c) 1
and (d) 2 um; (e) change in the TE effective mode index for different Npegium-

Conclusion

The modes of rib waveguide were studied, and also the effect of small change in the ngegium Showed

clear advantage of using porous waveguide for sensing compared to non-porous waveguide.

References

[1] F.H. Arrand et al., Novel liquid sensor based on porous silicon optical waveguides, IEEE Photonics
Technology Letters, 10 (10), 1998.

[2] J. Charrier et al., Optical study of porous silicon buried waveguides fabricated from p-type silicon, Materials

Science in Semiconductor Processing 3, 357, 2000.

131



Square-Lattice Index-Guiding Microstructured Optical Fibers:
An Analytical Field Model

Dinesh Kumar Sharma'?, Anurag Sharma'* and Saurabh Mani Tripathi’
'Department of Physics, Indian Institute of Technology Delhi, New Delhi-110016, India
“Department of Physics, Indian Institute of Technology Kanpur, Kanpur-208016, India

dk81.dineshkumar@gmail.com, *asharma@physics.iitd.ac.in, smt@iitk.ac.in

We study using an analytical field model the light guiding properties of index-guiding microstructured
optical fibres (MOFs) with square-lattice of circular voids or air-holes in the photonic crystal cladding.
Comparison with available numerical simulation results based on finite element method has been included.

Introduction

Microstructured optical fibers (usually referred as holey fibers) constitute a class of optical fibers
having periodic array of voids running along its entire length [1]. Bouk et al. have been investigated
the solid core MOFs with square-lattice of voids in the transverse cross-section [2]. We present here
an improved analytical field model to simulate the modal properties of index-guiding square-lattice
MOFs and demonstrate its accuracy.

Summary
We have improved our recently developed field model [3] for obtaining better accuracy in the
results by adding an additional term in the modal field. Thus, we consider four circular rings around
the central missing single air-hole (core) in the MOF geometry and two rings of lobes in the modal
field associated with four-fold rotational symmetry; thus, we set up the following field:

W (r,p)=e" - Ae "™ (14 cosdgp) - Be ) (1-cos4p) (1)
where A,a,a,,0,B,a, and 7 are the unknown field parameters; and A is the pitch (center-to-

center separation). We use the variational techniques for scalar modes to obtain the optimized
values of these unknown parameters and the propagation constant of the fundamental mode [4].

Results
Using our improved field model we have evaluated the effective indices for an MOF with d/A = 0.5
and the pitch of A= 2.0 um. The refractive index of 1.48
the background material (silica) is calculated from

the Sellmeier relation. The variation of effective ;1‘46 - oo

indices of the fundamental mode as a function of E”“ $a.g N

wavelength is shown in Fig. 1, where we have  £142 = * 9-~?~.?
included the results of numerical simulation based & ;, o Fem diA=0.5

on FEM as well as those obtained by Ghosh et al. i e A=20pm

[5]. Our results are matching well to FEM values, B4 05 08 1 , (J"'f’) _)1:4 16 18 2
reflecting the strength of our analytical field model.  Fig. 1. Effective in(jelx as a function of
Further work is in progress. wavelength (inset shows near-field intensity at A
The present work was partially supported by an = 1.55 um, reflecting the 4-fold symmetry of the

INSPIRE grant (grant number IFA13-PH-69) of the lattice pattern).
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The efficiency and the applicability of the Semi-vector optimal variational method (SV-VOPT) to complex
surface plasmon polariton (SPP) waveguides is investigated. An example of dielectric loaded SPP waveguide
formed on gold strip of finite width is presented.

Summary

The effective index method (EIM) provides fast and efficient tool for the modal analysis of optical
waveguides. However, the EIM has limitations when applied to more complex waveguide structures
[1]. Recently, we developed a semi-analytical approximate method, SV-VOPT method, which works
very well for the dielectric [2] and the SPP waveguides [3]]. In present paper, we apply the SV-VOPT
method to a practical dielectric loaded SPP (DLSPP) waveguide structure, which is formed on gold
layer of finite thickness (inset of Fig[I(a)). The EIM does not take into account the finite width of the
gold layer, hence cannot predict modal characteristics for such waveguides, specifically for smaller
widths of the gold layer. The converged results of the SV-VOPT method for the DLSPP waveguide
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Fig. 1. Variation of n. s and L with width of gold layer w. d, = w, = 600nm, d = 100nm, A = 1550nm.

are obtained in 4-5 iterations. The variation of the mode effective index, n.rs = Re(5/k), and the
propagation length, L = 1/2Im(/3), with the width of gold layer w, are shown in Figs. [Ifa) and [T(b).
The results obtained by the SV-VOPT method agree well with the results of the finite element method
(FemSIM by Rsoft). Detailed analysis and results will be reported later.
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In this work we investigate the polaritonic band gap spectra, which arise from the propagation of a plasmon-
polariton excitation in quasiperiodic multilayer structures of Fibonacci type, forming a photonic crystal,
using a theoretical model based on a transfer matrix treatment.

Introduction

When the electromagnetic radiation propagating through a polarizable dielectric or magnetic crystal
excites some internal degrees of freedom of the crystal, it gives rise to a hybrid (or mixed)
modes called polaritons. Specifically, in the case of an electron plasma, such excitation will have
both a photon and a plasmon component, whose resultant mode, the plasmon-polariton, may have
either a very strong photon or a very strong plasmon component [1].

Results

The plasmon-polariton dispersion relation is obtained by solving the electromagnetic wave equation
for p-polarized electromagnetic mode, within the layers A and B of the multilayer structure,
yielding cos(QL) = (1/2)Tr(T), where Q is the Bloch wavevector and L is the size of the multilayer.
Also, Tr(T) means the trace of the transfer matrix T, which relates the electromagnetic field
amplitudes of a layer in cell n to the equivalent one in cell n-1. The pass (stop) bands are then
obtained when the absolute value of the right-hand side of the above equation is less (bigger) than
one. This can be seen in Fig. 1, considering the dispersion curves corresponding to a fixed Bloch
wavevector Q and a ratio dg/da-2.69, with d (dg) being the thickness of layer A (B), defined in the
region where the average index of refraction of the multilayer vanishes, the so-called zero-<n>
photonic region [2].

wL/27c

Fig. 1: Plasmon-polariton dispersion relation in a photonic structure zero-<n> photonic region.
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Fabrication of high Q milled microrod resonators using a pulsed CO laser, directly on Yb**-doped fibers, is
demonstrated. Evanescently pumped WGM microlaser with ~9uW output power has been achieved.

Introduction

Whispering Gallery Mode (WGM) microlasers have been of a great interest owing to their low
threshold and narrow linewidth lasing due to their high Q and small mode volume. Most of the
fabrication methods [1-3] are non-controllable and non-reproducible which rely on fiber-tip
melting, such as microspheres [3, 4] or splicing of small active-fiber stubs [3]. Microresonators are
realized by heating up and melting the material using continuous wave CO. lasers. We use a
method based on pulsed CO: laser which enables controllable ablation of fiber surface. We
achieved precise control of the cavity length and ablation depth in a very short fabrication time, as a
simplified one-step process to form a WGM microresonator from a Yb**-doped silica fiber.

Fabrication and Results

A sequence of CO laser pulses is focused onto a rotating 240pum-diameter fiber with 200 um doped
core resulting in 20 um ablation depth. To improve the surface roughness of the milled edges the
structure was fire-polished by applying controlled electrical arcs (Fig. 1(a) inset). This improved the
Q-factor from ~10** to ~3x10*¢, and enabled lasing. A laser diode pump at 974.5 nm wavelength is
launched into a 2 pm-diameter tapered fiber in-contact with the resonator and evanescently excites
pump WGMs. Figure 1(a) shows the measured signal spectra collected through the same tapered
fiber. The total signal power, calculated by summing up all lasing peaks (Fig. 1(b) ), shows linear
dependency to the launched pump power for the powers above a threshold of ~40 mW (absorption

of ~1 mW). The optical-to-optical efficiency with respect to absorbed pump power is ~0.1%.
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Fig. 1. a) Spectra of signal as a function of launched pump power (inset shows the fabricated microrod resonator), and
b) total measured signal as a function of launched pump power (inset shows the light scattered at 70 mW pump power).

Conclusion

With this method, large number of identical microresonators in one-fabrication-step process, can be
achieved. The controlled CO: exposure results in minimum ablation depths and does not
compromise the fiber strength. Therefore, such microresonator structures, with two fiber stems
attached naturally to the resonator ends, will enable a variety of future robust sensing applications
and tunable telecommunication devices.
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Dielectric slab with an embedded grating of silver infinite circular nanowires is investigated for the
scattering and lasing eigenvalue problems. In the last, due to added active coating of the nanowires the lasing
thresholds were derived and compared for the plasmon and grating resonances.

Summary

A grating of silver nanowires in a free space is an interesting structure in Optics as it combines two
phenomena, the grating resonances emerging for a periodic structure and plasmon resonances based
on the effects appearing on the surface of noble metal. However for implementation of such
structure in a real device, it is necessary to embed it in a dielectric material. According to the
surface nature of plasmon resonances, the eigenfield intensifies on the outer boundary of noble
metal. Thus each nanowire is coated with active media within the slab to make overlapping of the
active region by the high field more efficient. Here is considered a dielectric slab Fig.1 (left) with
refractive index v=1.1 that low value is chosen to track the plasmon resonance as it is very sensitive
for physical parameters of hosting media. The value of dielectric function for silver nanowires is
taken from [1]. Firstly, the scattering problem of normal incident plane wave in the H-polarization
is solved using rigorous mathematical approach. Then using similar method and conception of
negative absorption (or adding “activity”) [2] in terms of lasing eigenvalues problem we can derive
a pair of desired values, namely, lasing threshold y (imaginary part of the active region refractive
index) and lasing frequency that is close to resonance frequency in the scattering problem.
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Fig. 1. The sketch of structure geometry (left), reflectance, transmittance, and absorbance for silver grating
in a free space v=1.0(centre) and in a dielectric slab v=1.1(right)

Fig.1 (centre), the values of reflectivity, shows a wide band of high reflectance that is constructed
from two resonances, plasmon one A=348nm and grating one A=~400nm. The shape of the band is
essentially affected by the presence of hosting media even (Fig.1 right). However if we add
“activity” in the coating of nanowires, the LEP yields following results for plasmon resonance
A=359.153, y=0.39 and for the grating one A=400.002, y=0.275. That values show that the plasmon
resonance has a higher lasing threshold, or in other words, requires higher “pumping” to illuminate.
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Numerical solutions of a lossy optical waveguide similar to insect ommatidia have been carried out and
reported here by using full-vectorial FEM and FDTD approaches.

Summary

The design of this guide is inspired by similar structures found in insect compound eye [1],[2]. Such
a typical insect ommatidia, which is the unit component of the compound eye, can be represented
by a 2um by 2pum guide with neore=1.347 and nga¢=1.339. Here it is considered that the core has
negligible loss and modal loss is predominantly due to the complex refractive index of the cladding.
Both FEM and FDTD approaches are used to find the light propagation at the 550 nm wavelength.
Figure 1 shows the confinement factor and guide loss (dB/um) against loss tangent (tan d) of the
cladding. It can be observed that with increasing tan 8 of the cladding, initially modal loss
increases, reaches a maximum value and then starts to decrease. It was also observed that with
increased material loss value, modal confinement in the core increases. For a highly confined mode,
the field is mostly inside the lossless core, which in turn reduces the loss of the guide. Stronger
confinement allows closer packing of ommatidia in insect compound eyes. Figure 2 shows the real
and imaginary components of the Hy profile of Hy;; mode and it can be observed that as the loss
value increases, the imaginary part of the field value increases. It was found that the field profile in
the cladding is exponentially varying sinusoid instead of exponentially decreasing profile and inside
the core follows an exponentially decreasing sinusoidal curve. The exponential term in the core
field equation comes from the imaginary part of the cladding refractive index, and this exponential
term is responsible for the increment in confinement factor. This guide supports only one mode for
wavelength range of 450nm-750nm, with 750nm as the mode cutoff and it supports additional mode
in the ultraviolet spectrum.
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A high optical integration configuration of a microstructured optical fibre infiltrated with two adjacent
microgpheres placed in one of its capillaries is presented. The optical behavior of the excited coupled cavity
under certain conditions is investigated through the analysis of the spectra of the scattered light.

Introduction

Whispeing gallery modes result from light trapping inside circular microcavities, while resonating

at specific frequencies. Spherical cavities have been successfully integrated in resonator circuits of
isolated or coupled systems, operating in lasing, sensing or fluorescence mode [1-4].

Summary

We report on a system of two polystyrene microspheres, which are encapsulated inside the capillary
of a collapsed-core microstructured optical fibre in contact to each other, forming a coupled
microcavity. Light initially launched to the fibre core from a supercontinuum source, is
subsequently coupled to the complex microcavity. The system exhibits resonant whispering-gallery-
mode spectra, spanning the whole excitation wavelength range, and recorded from different
scattering points of the excited bi-sphere resonator. Change of the spectral patterns and tuneability
of the observed resonant modes are shown under external stimulus conditions. Analysis and
interpretation of the observations, as well as potential applications are discussed.

Results

® N O
o o o

N
o

o

Scattered Light (arb. units)

680 ‘ 760 ‘ 7é0 740
Wavelength (nm)
Fig. 1. Resonant spectrum observed after whispering gallery mode excitation in the coupled microspheres.
2. Image of the bi-sphere inside the fiber and the white light scattering observed after excitation.
Fig.1 shows a TE whispering gallery mode spectrum recorded from the point of the cavity in-
betweenthe two microspheres (Fig.2). Spectra from other points of the excited bi-sphere are also
recorded and analyzed in terms of cross-coupling between the microspheres and mode splitting.
Tuneability of the resulted spectral patterns has also been achieved and will be presented on site.
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