XXII

INTERNATIONAL WORKSHOP ON
PTICAL ' AVE & wavecuipe  HEORY
AND "UMERICAL " ODELLING

Nice, FRANCE
JUuNE 27 & 28, 2014

ABSTRACT BOOK




w The XXII International Workshop on

ptical ''ave & waveguide 'heory and ''umerical ' odelling

ORGANIZERS

TecHNICAL COMMITTEE

- Trevor Benson, University of Nottingham, UK

- Jiri Ctyroky, Institute of Electronics and Photonics, Czech Republic
- Manfred Hammer, University of Twente, Netherlands

- Andrei V. Lavrinenko, COM-DTU, Lyngby Kgs., Denmark

- John Love, Australian National University, Canberra, Australia

- Andrea Melloni, DEI-Politecnico di Milano, ltaly

- Olivier Parriaux, Lyon University, Saint-Etienne, France

- Reinhold Pregla, Fern Universitat, Hagen, Germany

- lvan Richter, Czech Technical University, Prague, Czech Republic
- Christoph Wachter, Fraunhofer IOF, Jena, Germany

LocaL ORrRGANIzING CommITTEE 2014

- Anne-Laure Fehrembach, Institut Fresnel, Aix-Marseille University, France
- Gilles Renversez, Institut Fresnel, Aix-Marseille University, France
- Nicolas Bonod, Institut Fresnel, CNRS, Marseille, France
- Claire Guéné, Communication Manager, Aix-Marseille University, France
- Emilie Carlotti, Administrative & Financial Manager, Institut Fresnel,
CNRS, Marseille, France
- Marc DeMicheli, Laboratoire de Physique de la Matiere Condensée,
Nice, France
- Pierre Aschieri, Laboratoire de Physique de la Matiere Condensée,
Nice, France

INFORMATION
http://www.fresnel.fr/owtnm2014/









OWTNM 2014
XXII International Workshop on
Optical Waveg, waveguide Theory and Numerical Modelling

OWTNM local organizing committee from theL ARTE research team, Institut Fresnel

Nice, France, 27 & 28 June 2014

Faculté
IFNRSETISTIEITEL % des Sciences
AixkMarseille Université



Acknowledgments

The organizers thank for their interest and support:

The University of Nice-Sophia Antipolis which provides amphitheatres and staff members on its Saint Jean
d'Ang ly campus

The Faculty of Science of the Aix-Marseille University for its funding

The CNRS region administration for the management of the inscriptions by its online tool "Azur Colloque”
The Optitec association for its funding

C'Nano PACA GDR CNRS 3196 for its funding

Phoenix Software for its sponsorship

Photon Design for its sponsorship

Mandfred Hammer of the University of Twente for his numerous advices

Trevor Benson of the University of Nottingham for his advices about the special issue

Fr d ric Forestier, computer engineer at the Institut Fresnel, for his help on the website

PhoeniX Software

Solutions for Micro and Nano Technologies




Preface

This XXII International Workshop on Optical Wav8yavequide Theory and Numerical Modelling (OWTNM) is
localized in Nice in the Saint Jean d'Ang ly campus. It will be held of'228" of June 2014. As every two

years, it is collocated with the bi-annual conference ECIO which will take place from theupdo the 2% of

June. The local organizing committee is mainly composed of researchers and administrative staff of the Institut
Fresnel which is localized in Marseille. The organizers hope and expect that this edition of OWTNM will be as
successful as the previous meetings. The workshop will host eight oral sessions including the joint session with
ECIO ensuring thirty talks, and the usual poster session with fourty one posters that will be displayed over the
whole event.

The website of the workshop is available at the following link:

http://www.fresnel.fr/lowtnm2014

Marseille, " June 2014.
For the local organizing committee of OWTNM 2014:
Anne-Laure EHREMBACH, Gilles RENVERSEZ and Nicolas BNOD
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Functional PT-symmetric waveguide

H. Benisty (IOGS-LCF, Palaiseau), A. Lupu and Agben (IEF, Orsay)
*henri.benisty@institutoptique.fr

Parity-Time (PT) symmetry was conceptualized asuantum mechanics (QM) interrogation,
namely how far operators with real eigenvaluesdmnate from mathematical Hermiticity[1]. The
answer is that by adding what we call in this comityjugain and loss in equal amounts to the
diagonal terms, i.e. adding opposite imaginary gefthink of two coupled waveguides and their
traditional coupled-mode 2x2 matrix), there is ag@&of parameters where eigenvalues remain real.
Indeed, J. Ctyroky et al. [2] had come to remaiik tidready in 1996. The added QM-inspired
vocabulary may seem somewhat impressive to us, gsimgp terms such as "broken symmetry",
"exceptional point", "gauge transform”, but the$ieroas many hints to where these concepts may
lead and are attractive for young physicists [3-6].

With a more practical view, we started to devis@0i1l whether coupling of a gain waveguide to a
fixed-loss waveguide, a situation bound to occuhwoessy plasmonic waveguide, provides similar
intriguing features. The answer is yes with mod@stvisions, going a step beyond a formerly
known no-gain limit also called "passive PT-symyig7-9].

Two less obvious points on these PT symmetric Bysteame after stirring ideas and models,

notably around the switching behaviour and the iptesSspatial non reciprocity” :

0] the gain modulation essentially provides plasiooguide systems with a crucial tuning
ingredient they are missing: electro-refractiveingnwhich is clearly too weak compared to
the short paths typical of plasmonic waveguides;

(i)  PT-symmetry exploits the loss-gain combinatiora clever combination not intuitive from
just loss compensation since, for instance, soreslfiosses will be shown to lower the gain
modulation needed for switching a two-channel. gudir.

Other intriguing features allowed by the interplayPT-symmetry and Bragg periodicity will be

briefly presented.

[1] C. M. Bender and S. Boettcher, "Real spectraan-Hermitian Hamiltonians having PT symmetry,"”
Physical Review Letters, vol. 80, pp. 5243-5246, 1998.

[21 H. P. Nolting, G. Sztefka, M. Grawert, and Gtyroky, "Wave Propagation in a Waveguide with a
Balance of Gain and Loss," in Integrated Photoraof€rence, Boston, 1996, pp. IMD5-1.

[3] C. E. Ruter, K. G. Makris, R. El-Ganainy, D. Bhristodoulides, M. Segev, and D. Kip, “Observati
of parity—time symmetry in optics,” Nature Phys162-195 (2010).

[4] M. Kulishov, J. M. Laniel, N. Bélanger, J. Azafiand D. V. Plant, “Nonreciprocal waveguide Bragg
gratings,” Opt. Express 13, 3068—3078 (2005).

[5] Z. Lin, H. Ramezani, T. Eichelkraut, T. Kottod, Cao, and D. N. Christodoulides, “Unidirectional
invisibility induced by PT -symmetric periodic sttures,” Phys. Rev. Lett 106, 213901 (2011).

[6] L. Feng, Y.-L. Xu, W. S. Fegadolli, M.-H. Lu, E. Oliveira, V. R. Almeida, Y.-F. Chen, and A.
Scherer, “Experimental demonstration of a unidioeal reflectionless parity-time metamaterial at
optical frequencies,” Nat. Mater. 12, 108-113 (2012

[71 H. Benisty, A. Degiron, A. Lupu, A. De Lustra8, Chénais, S. Forget, M. Besbes, G. Barbillon, A.
Bruyant, S. Blaize, and G. Lérondel, "Implementatiof PT-symmetric devices using plasmonics:
principle and applications," Opt. Express 19, 1828819 (2011).

[8] H. Benisty, C. Yan, A. Degiron, and A. T. Luplijealing near-PT-symmetric structures to restbesrt
characteristic singularities: Analysis and examplésLightwave Technol. 30, 2675-2683 (2012).

[9] A. Lupu, H. Benisty, and A. Degiron, “Switchingsing PT-symmetry in plasmonic systems: positive
role of the losses,” Opt. Express 21, 21651-21@64.8).
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Orthonormal Complex Hybrid Guided Mode Coupling over a Discontinuity in a
Plasmonic Waveguide

A. Karabchevsky', M. N. Zervas, J. S. Wilkinson
'Optoelectronics Research Centre, University of Southampton, Southampton SO1iteBIKidgdom

* A.Karabchevsky@soton.ac.uk

We generalized an expression for expansion coefficients to deteth@nerthonormal complex hybrid
guided mode coupling over a small step discontinuity which allowing piadiof the localised surface
intensity on a plasmonic waveguide for design of devices for integrated surface-erdputszscopy.
Introduction

Waveguide surface sensing measurements require maximization of surface optical intensity.
Plasmonic waveguides (PWGs) formed from a dielectric waveguide with an absorptive overlayer of
a noble metal can exhibit high surface localization and therefore high sintewcsity. PWGs are
usually illuminated from the uncoated input waveguide as shown in the schematic in Fig la. The
transmittance of such a device has been modelled previously for the slab waveguide cadgq1]. In
study, we extend a predication of transmittance through the structures with 2D confinement of a
guiding layer reported elsewhere [2] using a more general expression for theiermaefficients
describing the coupling between transmitted orthonormal complex hybrid guided mode (OCHGM)
amplitudes and a distribution of a surface intensity which is superimposed in Fig la.

Results

Fig. 1b and Fig 1c show the calculated transmittance at 633 nm through the PWi@&sna of
refractive index of an ambient and power carried by the three guided majestineely, within

gold region, neglecting backscattering and a multiple reflections. The mapgdade intensity is
detailed in Fig. 1d. The guided mode intensity distributi@,y)f at z=0 nm for a gold-coated
waveguide region, calculated using FEM at a wavelength of 620 nm are shown in Fig. 1e.
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Fig. 1. (a)Schematic of a waveguide with calculated surface intensity distribu;i(myIEOnm,zﬂ
enlarged in(d); (b) calculatedransmittanceg) calculated powers carried by the modes within the Au-coated
region,(e) |Ey(x,y)|2 of the three guided modes obtained using FEM for a Au-coated region.

Conclusion

We have introduced a general expression for the expansion coefficient of any two OatHGM

step of discontinuity and applied this to the introduction of a thin absorptive overlayer to predict
device transmittance and surface intensity on PWGs. This model provides the basis for designing
high-sensitivity refractometers and integrated optical devices for surface-enhanced spectroscopies.

References
[1] J.e tyrok et al.,.Sensors and Actuators B4, 66-73, 1999
[2] A. F. Milton and W. K. BurnslEEE Journal of Quantum Electronic¥3, 828-835, 1977
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Modified effective index method to fit in 2D case the phase and
group index of 3D silicon photonic wire waveguide
A. Tsare?
'A.V. Rzhanov Institute of Semiconductor Physics SB RAS, Novositissia

>The Novosibirsk State University, Novosibirsk, Russia
*tsarev@isp.nsc.ru

We set up a modified effective index method (MEIM) which coriyeckescribes in 2d case both the phase
and the group indexes in 3d silicon wire waveguide, typicallyduisesilicon photonics in thin silicon-on-
insulator (SOI) structured he prove of concept has been obtained by direct 2d and 3d FDTBlimgd

Summary

Three dimensional (3d) optical waveguide structures are typicaddeling by 2d analogies under
effective index method (EIM). The principal limitation of EIMbmes from the fact that real 3d
waveguide with 2 different cross dimensioisapndW) is examined by 2d waveguide with the only
one size parametew). This produces an error in studding impulse excitation by FDTD nuktho
due to wrong group index determined by EIM. We overcome this linoitatdy introducing a
modified effective index method (MEIM) [1, 2] which correctly debes in 2d case both the phase
and the group indexes in 3d strip waveguide. New MEIM utilizes thelsoed index profile with
the two spatial parameters, namely, the central part with indexhas the widthw (nearly
waveguide heighh) and it is mainly responsible for the group indsx The base part has the same
with W as in 3d waveguide and refractive inddxwhich is mainly responsible for the phase index
N,. By variation ofw andN; it is possible to fit in a wide wavelength range the effective indéx
combined 2d waveguide to the mode index of 3d waveguide. Numericariempgs of ring
resonator, Fabry-Perot (FP) and asymmetric Mach-Zehnder {M&)ferometers by FDTD [1, 2]
prove that the modified EIM gives much better agreement wightéist 3d simulation as it provides
the best fitting both the phase and the group indexes. For exaMpglM provides about 1% error
in FSR in comparison to 29% and 34% error for EIM in FP and MZ interfeeters, respectively.
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Fig. 1. Group and phase indexes as a function of optical waveldngihd index profiles for different cases.

References

[1]

photonic wire waveguide," Opt. Lett., 38, 293-295 (2013).

[2]

A. Tsarev, "Modified effective index method to fit the pleasand group index of 3D

A.Tsarev, “Numerical modeling of optical multiplexer on S@onstructed by multiple

coupled waveguides,” J. Sel. Top. Quantum Electron. 20, no.4,8@uly-Aug. 2014.
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Plasmonic and Metamaterial Waveguides and Components for Nanophotonics

Anatoly V. Zayat§”
Department of Physics, King’s College London, Strand, London WC2RJ2it8d Kingdom

*anatoly.zayats@kcl.ac.uk

Plasmonic waveguides based on metal, dielectric or metamaterial nanostructlireg wilerviewed
focusing on their active functionalities. Nonlinear, opto-mechanical and etgatical properties of the
waveguides will be considered for applications in optical information processing anstataige.

Surface plasmon polaritons (SPPs) offer a unique opportunity to localize optical signals on
subwavelength scales. Plasmonic waveguides attract significant attention for prospective
information delivery and manipulation in integrated photonic circuitry. Waveguide design allows
one to control the field confinement and dispersion of guided waves and engineer the required
properties advantageous for one or another active application, e.g., optimisation ddtestimu
emission or field enhancement needed for loss compensation or all-optical signal control,
respectively.

In this talk, we will overview various plasmonic waveguides focusing on their active functionalities
such as amplification of surface plasmon polaritons, opto-mechnaical, electro-optical and nonlinear
effects [1-10]. Dielectric-loaded and hyperbolic-metamaterial-based plasmonic waveguides will be
considered for applications in optical information processing and high-density data storage.

References

[1] A. S. Shalin, P. Ginzburg, P. A. Belov, Yu. S. Kivshar, A. V. a&tayNano-opto-mechanical effects in
plasmonic waveguidetaser Phot. Rev., vol. 8, pp. 131-136, 2014.

[2] P. V. Kapitanova, P. Ginzburg, F. J. Rodriguez-Fortufio, D. S. KiJdnoM. Voroshilov, P. A. Belov, A. N.
Poddubny, Yu. S. Kivshar, G. A. Wurtz, A. V. Zayddhotonic spin Hall effect in hyperbolic metamaterials
for polarization-controlled routing of subwavelength mgodest. Comm., vol. 5, 3226. , 2014

[3] P. Ginzburg, A.V. Krasavin, A.V. Zayat§ascaded second-order surface plasmon solitons due to intrinsic
metal nonlinearityNew J. Phys., vol. 15, 013031, 2013.
[4] D. Fedyanin, A. V. Krasavin, A. Arsenin, A. V. ZayatSurface plasmon polariton amplification upon

electrical injection in highly-integrated plasmonic circyiiéanoletters, vol. 12, pp. 2459463, 2012.

[5] A. V. Krasavin, Th. Ph. Vo, W. Dickson, P. M. Bolger, A. V. Zay#tt;plasmonic modulation via stimulated
emission of co-propagating surface plasmon polaritons on arsisvith gain Nano Lett. vol. 11, pp. 2231-
2235, 2011.

[6] A. V. Krasavin, S. Randhawa, J.-S. Bouillard, J. Renger, R. QuidaM, Zayats,Optically-programmable
nonlinear photonic component for dielectric-loaded plasmonic circuigt. Exp., vol. 19, pp. 25222-25229,
2011; S. Randhawa, A. V. Krasavin, T. Holmgaard, J. Renger,B®zhevolnyi, A. V. Zayats, R. Quidant,
Experimental demonstration of dielectric-loaded plasmonic waveguide disknatess at telecom
wavelengthsAppl. Phys. Lett. 98, 161102, 2011.

[7] A. V. Krasavin, A. V. ZayatsPhotonic signal processing on electronic scales: electro-optical field-effect
nanoplasmonic modulatpPhys. Rev. Lett., vol. 109, 053901, 2012; A. V. KrasavinyAZayats,Electro-
optic switching element for dielectric-loaded SPP waveguiélppl. Phys. Lett., vol. 97, 041107, 2010; A. V.
Krasavin, A. V. ZayatsAll-optical active components for dielectric-loaded plasmonic waveguiOgs.
Comm., vol. 283, pp. 1581-1584, 2010.

[8] A. V. Krasavin, A. V. ZayatsGuiding light at the nanoscale: numerical optimisation of ultra-subwavelength
metallic wire SPP waveguide®pt. Lett., vol. 36, 3127-3129, 2011; A.V. Krasavin, A.V. ZayBllismerical
analysis of long-range SPP modes in nanoscale plasmonic wavegQipe Lett., vol. 35, pp. 2118-2120,
2010.

[9] D. O'Connor, M. McCurry, B. Lafferty, A. V. Zayat®lasmonic waveguide as an efficient transducer for
high-density data storagé\ppl. Phys. Lett., vol. 95, 171112, 2009.

[10] A. D. Neira, G. A. Wurtz, P. Ginzburg, A. V. Zayatg]trafast all-optical modulation with hyperbolic
metamaterial integrated in Si photonic circuit®pt. Exp., to be published.
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Ultracompact photonic crystal integrated circuits:
connecting tiny devices to achieve high-performances

Stefania Malaguti, Gaetano Bellanca and Stefano Trillo

L University of Ferrara, Ferrara, ltaly
gaetano.bellanca@unife.it

Abstract: PhC technology is expected to play an important role in the futureptidab
telecommunication devices. Results relevant to the design and fabrication of2& @bit/s
WDM Receiver and of a 100 Gbit/s OTDM Receiver are presented.

Introduction. In the last years, the rapid advances in science and technology, with thmirgdisru
advent of Internet in daily life, have transformed significantly the world of aamvation and
computing. The demands of consumers for higher speeds and greater capacities appiegy. unend
Photonic chips are set to play an important role in the development of futureuoaration and
information technologies. Photons (carriers of optical signals) have impartatgrmental properties
that make them superior to electrons (carriers of electrical signal®dmrsenting and transmitting
data, as demonstrated by long distance communication networks. However, as the bandwidth
increases, the advantages of optics even holds for very short transmissiocredjstanh as between
high-speed processors in a computer, and ultimately, across individual coripipter Although
electronics continues to remain unbeaten for performing high-level data $ingcésuch as that
performed by modern computers), the growth in performance is today faliod of earlier
predictions: electrical interconnects, in fact, are the key faictiting the speed and the integration
level of electronic circuits. Faster switching is possible with curransistor technology, but it takes
too much power and generates too much heat to send information across the chip datagiates.
Photonics has therefore a crucial role to play in global interconnetttthib is a difficult challenge
as, to be competitive, the size and power consumption of traditional photonicsdavisebe reduced
by more than two orders of magnitude. Photonic Crystals (PhCs) based ¢gghseéms to address
these issues and be able to provide devices capable of meeting theseebalin the framework of
the European Project COPERNICUS, researches of different institutions pk/ette technology
needed to provide 100 Ghit/s WDM and OTDM receivers based on PhCs. The maimesidgs to
get devices that can satisfy these challenging specifications and ens@guiredrperformances, are
summarized in the following.

Modeling. Effective designs for complex devices as the ones based on PhCs requiradeacc
theoretical modeling and simulation tools. To achieve the expected results, a wideofange
steady-state and time-domain approaches have been developed. In patttieldtanite Difference in

the Time Domain (FDTD) has proven to be accurate for simulating lineaons=p of the
investigated componentsHowever, other approaches were pursued, in particular for nonlinear
modeling and coupling with electrical/thermal simulatiéns

Material Engineering. For device fabrication, IlI-V semiconductor PhC membranes have been
used>. This platform is ideally suited for both wavelength filteriogting, high-speed/low power
optical switching and detection. In particular, GaAs and InP technology were puEasesihas the

key advantage of a short carrier lifetime, which is attractive for \Q@hereas InP is compatible
with active telecom devices such as InGaAs photodetectors/laser/amplFiersthe planar
technology, both air-bridged and Benzocyclobutene (BCB)-encapsulated Ph@Granem were
pursued. The former for AOGswvhereas the latter for WDM devices with integrated photodetéctors

Device Fabrication and MeasurementsFig. 1 (on the left) shows an example of a 4-channel WDM
Receiver. The fabrication of this component required the design of lmtkey elements (the PhC
cavities) and the optical circuitry (waveguides, bends, tapers). ations of each component is
fundamental to guarantee a device that satisfies the challenging specifications aied #mesu
required performances. The same figure reports also (on the right) tdeagseem evaluations at the
different ports of the receiver
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An enhanced wavelength tolerant design
for the Generation of N-partite single
photon W-states

K. Thyagarajan®, Surajit Paul?

Department of Physics, Indian Institute of Technology Delhi, New BdlhD016, India
ktrajan@physics.iitd.ac.in
“surajitpaul26@gmail.com

Abstract: Recently integrated optic solutions for generatiorNegfartite W-state have
been proposed using aDlarray of N’ identical single mode optical waveguid&dhe

proposed design exhibits very low tolerance to the input wavelength. Herepasean
alternative design of a waveguide array consisting BFXP waveguides to creaté&”

partite W state that exhibits much greater tolerance to the input waveldgngtimaking
it easy for experimental realization.

It is well known that entanglement plays a crucial role in various phenomeha field of quantum
computation, quantum cryptograpfy, teleportatiofy quantum key distribution etc. Among various
kinds of non-classical entangled statdéstates are important as their entanglement is less fragile
against loss of any qubit whereas the other class of entangled states i.e. Gslbestatee fully
separable after qubit los$or the realization of such non-classidébtates, quantum optics provides
an elegant platforfn

Recently integrated optic solutions for generatioWdtates have been proposed using a 1-D
array of N identical single mode optical waveguides, which are coupled via neargstboei
interactiod. The flow of a single photon through such structure is governed by a setsehbkrg
equation of motion:

At
192 _ar @
dz
where &' is the creation operator representing the 06’ o
dependence of the field in each of the waveguides 2 g i
given by & =g3.4,..... Isﬂ& and K is the 04
Q
coupling matrix representing the coupling co-efficie =
between adjacent waveguides. Solution of eqn. 0.2

gives the evolution of thedependence of the field as

a'(2)=e"4(0) @ s I 1.05
Wavelength in um,

Here the terme™* acts as the-evolution operator

corresponding to the-dependence of field in eacl Fig. 1: Wavelength variation of probability o
waveguide. It is well known that for an arrg finding a single photon in an array of 3 equal
consisting of three equally spaced identic SPaced waveguides

waveguides, for a single photon incident in the central

waveguide a three partite W-state is formed at a propagating distance

Z, :gtan'l(i\/_Z)+rpyx/_2(O. The major problem with the above mentioned design is that the

tolerance to the wavelength of the input single photon for the gesrecdttheW-state is very critical.
Figure 1 shows the variation of probability of finding the photon in an arrayegfually spaced
(d=12/mm) identical waveguides as a function of input wavelength, for a device othleng

z=2.48cm designed to provide WA-state at/, =Imm. Even a change of the input wavelength by +

0.5 nm.(! £0.05 %) leads to deviation from thé/ state with variation in probabilities of about + 0.5
%. Such critical tolerance can lead to problems in practical applications of simésde
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Metamirrors: Full control of resection from composite sheets
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viktar.asadchy@aalto.

We will overview our recent work on metasurfaces for full control o# tphase of plane waves re ected
from electrically (optically) thin sheets. This becomes possible using esigidarti!cial full-re ection layers
(metamirrors) as arrays of electrically small resonant bi-anisotropic patticle

Metamirror is an electrically thin (“one-particle-thinldyer which has zero transmission coeflcient
and controllable re ection phase [1]. Our investigatiohth@ necessary polarization properties of the
unit cells of the structure have shown that reciprocal asdléss bi-anisotropic particles with omega
magnetoelectric coupling are the appropriate buildingkddor the most general metamirrors. The
required bi-anisotropic coupling can be realized by selgan appropriate shape of dipolar particles
sitting in each unit cell of the planar metamirror array. fer microwave frequency range metal wire
particles can be used, and we have demonstrated by sinmdatie metamirror responses of some
example designs. Fig. 1 shows spatial distribution of reedcand transmitted power densities for an
example of a focusing metamirror. The structure is an etadly dense array of wire omega particles
(also shown on the picture). Note that the focal distancéisflens is smaller than the wavelength.
For infrared and optical frequencies, low-loss high-casitrdielectric structures of the appropriate
symmetry can be possibly used for the same purpose.

Fig. 1. Plane-wave illumination of a focusing metamirror.

It is important to note that a properly designed single laykebi-anisotropic particles possessing
omega coupling can fully re ect electromagnetic waves aagrirom different sides with arbitrary

phases, and the waves re ected from the two sides of the niretaroan be tailored independently.
This concept generalizes the re ectarray concept to the gerseral phase control of re ections from
both sides of the layer using ultimately thin (one layer gdiar inclusions) structures.
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Guiding self-collimated beams in photonic band gaphetamaterials
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Resonant and slow light propagation of self-collieth beams in photonic band gap metamaterials is
theoretically investigated. These layered strustweembine positive and negative index materials aired
realized with metamaterials or photonic crystalesigitices for GHz or THz applications.

Introduction

Photonic crystals including positive and negative index layers have recérattsaimuch attention
owing to their novel optical properties [1-2]. These photonic band gapnattaals make zero-
average index materials that present zero-phase delay and self-collinfilgis [8-4]. At telecom

frequencies, these structures named photonic crystal superlatticbe dasigned in all-dielectric
materials with the help of 2D photonic crystal layers that mimic metaraistéfi.

Summary

In this work, we show that beam shaping operations in metamaterafshotonic crystal
superlattices can be interpreted with the same electronagneory [5, 6]. The curvature of the
iso-frequency curve is demonstrated to play a crucial for focalizatioeliecalimation effects.
Guided by this theory, we demonstrate that self-collimation can be wedwith slow light in
photonic crystal super-lattices. It is also shown that the amountnut@eductor can also be
increased by a factor 10 compared to classical 2D PhCs [6]. These psopegtiexpected to
enhance light-matter interaction for nonlinear operations.

@)

©)

Fig. 1.(a) FDTD computation of a self-collimated beam @gating through a super-lattice photonic crystal.

(b) The same beam shows light diffraction in frpace.
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Photon Management by Nonlinear Coupling in Nanostructures
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We show that particular spatial distribution of material structural elements enables extraordinary nonlinear-
optical propagation processes commonly attributed to plasmonic negative-index metamaterials.

Current mainstream in fabricating bulk negative-index metamaterial (NIM) slabs relies on engineering
of LC nanocircuits - plasmonic mesoatoms with negative electromagnetic response. Extraordinary co-
herent nonlinear optical (NLO) 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 to realize outlined processes commonly attributed to NIMs. Such
opportunities are proven with numerical simulations making use of realistic models. The possibility
of huge enhancement of optical parametric ampli®cation and frequency-shifted nonlinear re ectivity
has been predicted through three-wave mixing in metamaterials if one of the coupled electromag-
netic waves falls in the NI frequency domain [1]. Here, we investigate manipulating properties of
short contra-propagating optical pulses. Greatly enhanced NLO coupling becomes possible because
phase and group velocities for one of the pulses appear contra-directed. Two options to ensure such
extraordinary property commonly attributed to NIMs are investigated: waveguides with specially en-
gineered spatial distribution of the nanoscopic building blocks, such as standing carbon nanotubes [2]
or graphene nanosheets, and crystals that support optical phonons with negative group velocity [3].
Plasmonic NIMs are challenging to engineer. We show that extraordinary NLO frequency-conversion
propagation processes attributed to NIMs can be mimicked in the proposed fully dielectric materials.
We also show that the detrimental effects of strong losses caused by fast optical phonon damping can
be eliminated in the short-pulse regime. Unparalleled properties of the proposed short-pulse process
are numerically simulated and the possibility of huge enhancement of quantum conversion ef®ciency
as well as of tailoring the duration and shapes of the generated and the transmitted fundamental pulses
are predicted. Among the applications are photonic devices with advanced functional properties such
as unidirectional optical ampli®ers, ®lters, switches and cavity-free optical parametric oscillators.
Acknowlwdgement This work was supported in parts by the NSF (Grant ECCS-1346547), by the AFOSR
(Grant FA950-12-1- 298), by the Presidium of the Russian Academy of Sciences (Project No 24.31), by the Rus-
sian Federal Program on Science, Education and Innovation (Grant 14.A18.21.1942), by the Siberian Branch
of the Russian Academy of Sciences (Project No 23), and by the Siberian Federal University (Grant F-12).
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Nonlinear switching in optically induced waveguide arrays
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We present experiments on light propagation in optically induced coupled waveguides in photorefractive me-
dia. We generate various waveguide con®gurations via multiplexing of Bessel beams, and explore nonlinear
dynamics in double- and quadruple-well potentials, demonstrating a power-controlled optical vortex switch.

Optical induction is a versatile setting for studying the interplay between nonlinearity and discreteness
in coupled waveguide arrays. Many previous experiments have explored propagation through waveg-
uide arrays which form extended lattices, demonstrating various fundamental effects such as discrete
soliton formation [1] and Anderson localization [2]. However, studie®oitearrays of waveguides

have so far been limited, because the optical induction technique requires a nondiffracting induction
beam, and in a homogeneous medium spatially localized beams typically diffract.

In this contribution, we experimentally demonstrate the optical induction of recon®gurable clusters
of a few coupled nonlinear waveguides. We create the waveguides using an incoherent superposition
(multiplexing) of Bessel beams [3, 4], which are crucially both spatially localized and nondiffract-
ing. Then, we explore the linear and nonlinear dynamics of different probe beams in our induced
structures.

Starting with a two-waveguide coupler, we demonstrate control over parameters such as the cou-
pling strength, and nonlinear symmetry-breaking bifurcations. Generalizing to dynamics in a two-
dimensional ring-like cluster of four waveguides, we consider the dynamics of discrete vortices. The
photorefractive anisotropy leads to a periodic reversal of the vortex charge (handedness) during prop-
agation. In the nonlinear regime, the probe beam intensity can control the period, and thereby the
vortex charge at the output, realizing a power-controlled vortex switch [5].

A simple coupled mode model and numerical simulations of nonlinear wave propagation in the
anisotropic photorefractive model [6] corroborate our experimental observations. Our approach may
be readily generalized to other families of self-similar beams, for example self-accelerating Bessel-
like beams, providing a exible setting for exploring nonlinear dynamics in ®nite systems.

References

[1] N. K. Efremidis, S. Sears, D. N. Christodoulides, J. W. Fleischer, and M. Segev, 2Discrete solitons in
photorefractive optically induced photonic lattices,® Phys. Re&6EL (2002).

[2] M. Segeyv, Y. Silberberg, and D. N. Christodoulides, 2Anderson localization of light,° Nat. Photénics
197, (2013).

[3] M. Boguslawski, A. Kelberer, P. Rose, and C. Denz, 8Multiplexing complex two-dimensional photonic
superlattices,® Opt. Expre®9, 27331 (2012).

[4] F. Diebel, P. Rose, M. Boguslawski, and C. Denz, 2Optical induction scheme for assembling nondiffract-
ing aperiodic Vogel spirals,° App. Phys. Lett., in press.

[5] A. S. Desyatnikov, M. Dennis, and A. Ferrando, 2All-optical discrete vortex switch,° Phys. R&3, A
063822 (2011).

[6] A. Zozulya and D. Z. Anderson, #Propagation of an optical beam in a photorefractive medium in the
presence of a photogalvanic nonlinearity or an externally applied electric ®eld ° Phys. REV1320
(1995).

22



OWTNM 2014 0-4.0 XXII edition

Geometric resonances in waveguides and sub wavel&mganowire gratings:
Scattering "anomalies" and Optical forces.
J.J. Sten?
'Condensed Matter Physics Center (IFIMAC), Univeasidut—noma de Madrid, Spain

’Donostia International Physics Center (DIPC), DotiasSan-Sebastitn, Spain
* juanjo.saenz@uam.es

Scattering from a single nanoparticle or defectd@sa waveguide present a resonant response afispec
geometric conditions similar to those of nanowiratipgs. We discuss how these geometric resondeads
to diffraction anomalies, local field enhancemengésponant absorption or resonant radiation presfteets.

Multiple scattering theory can be used to obtain a full analyticsdrgigion of complex resonant
phenomena arising in sub wavelength nanowire gratings or in single mode wavegthdenall
defects. The strong coupling between the dipolar field scattered ki particles and the
evanescent modes (in a waveguide) or evanescent diffracted beams (im@ geat lead to a
number of interesting resonant effects.

Here we analyze the optical response of sub-wavelength nanowire gratauys of arbitrary
anisotropic materials [1]. For transparent dielectric nanorods it shp@do obtain very large local
field enhancements at specific resonant conditions [2]. These strustwiislead to enhancement
of molecular fluorescence signals without quenching. In the presence oftedsatps possible to
derive the conditions to tune the absorption/thermal emission and extinction resonpnces [2
For magneto-optical dielectrics we show that there is a complexyleebbetween the geometric
resonances of the grating and the magneto-optical Kerr effects (MOKE) redppdn8s we will
show, for a given polarization of the incident light, a resonant magneto{omgmonse can be
obtained by tuning the incidence angle and grating parameters to operatdeneasanance
condition for the opposite polarization.

A completely equivalent analysis was applied to study electromadostes on neutral particles in
hollow waveguides [3]. At the geometric resonance, the effective scatteossg section of a very
small particle can be made as large as the wavelength everofiarahy localized plasmon-
polariton resonance. A small particle can then be strongly accelerategdtlhé guide. The presence
of the two particles splits the resonance leading to a nontrividlabisgj interaction. The existence
of stable, optically bound dimers under two counter-propagating (non-correlatednbget was
also discussed. In analogy with these findings, we will discuss sonnestirtg radiation pressure
effects on subwavelength nanorod gratings.
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Scattering in optical waveguides:
a comprehensive model for radiative losses and backre ections
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A uni®ed model to describe both radiative losses and distributed backscattering generated by sidewall roughness inde-
pendently on waveguide geometry and technology is presented. The model is in very good agreement with experimental
results obtained on different types of optical waveguides, demonstrating its validity for arbitrary waveguide geometries
and technologies.

Summary

The interaction of the modes propagating in an optical waveguide with sidewall roughness causes severe im-
pairments for the functionality of photonic circuits, acting as a source of extrinsic losses which couple part
of the power to radiative modes (radiative losses, and counter-propagating modes (backscatterigg,In

this work we propose a uni®ed vision on these two loss mechanisms through the formulation,phtbedel

[1], which applies to arbitrary waveguide geometry or technology. mpenodel results to be in a very good
agreement with existing models that individually describe radiative loss or backscattering only [2, 3]. Both con-
tributions depend directly to the derivative of the effective index with respect to the waveguidewtiatbugh

the expressions, = A(@r =@Wwandr, = B(@g =@VY?. The parameterd andB are independent ow

and take into account the roughness standard deviation and correlation length. The deghatu@ wgives
information on the @sensitivity® of the mode to the width variations produced by the sidewall roughness and
hence provides a direct description of the interaction between the sidewall roughness and the optical ®eld [4].
Figure 1 shows the measurements of the propagation losses (a) and backscattering (b) for two different types
of waveguides: a SOI channel waveguide (black circles) and a InP-based rib waveguide (red squares). Results
are presented as function of the normalized waveguide wigthy,, beingwg the width limit for single mode
propagation. A ®t performed with thrg, model (dashed lines) is in good agreement with the experimental
results both for radiative losses and backscattering.
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Fig. 1. Measurements (marks) of the propagation losses (a) and distributed backscatter (b) for a SOI channel waveguide
and a rib InP-based waveguide. The experimental results are ®tted witl thedel (dashed lines).
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A single ring resonator with a roughened sidewall is studied to characterizdeitts ef backscatter. An
equivalent structure for it is proposed, then the through port respomsiied analytically. It is then
modelled using CST. The proposed analytical model is used to calculate the key parameteosighé&med

ring, and extracts the backscattering parameters which are different foesachnce wavelength.

Introduction

The optical waveguide micro-ring resonator is a promising technology for integrated photonic
devices in Wavelength Division Multiplexing (WDM) networks. The roughness of the optical
waveguide surface, typically experienced during manufacture, is responsible for schutsy;iagmd

also generates a counter-propagating mode. The mutual coupling between the forwarthterd c
propagated modes inside the ring leads to a net power transfer, and results in a distortion to the ideal
response of the filter in the form of resonance splitting.

Results

In practice, the reflection is distributed along the ring, but can considereldmped scattering

point without loss of generality [1]. Fig. 1 shows the single ring model (A), with the equivalent
structure (B). The through ports{) response was calculated analytically using equation (1). A
simulation using CST MWS [2] is performed to obtain the through port response of a roughened
sidewall ring resonator. The results of the simulation and that of the analytical model (Fig. 2) are
used to calculate the ring parameters by applying curve fitting using least squares error.

> P F p,AYIFR, P ?NE B, ROVI 1)
~ sFt,® p,AYIEP, ASYI
Lumped scattering
pp?’“ J 190 190.5 191 191.5 192
Srm— kaac/k// (;
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Frequency [THZz]

Fig. 1. The single ring resonator (A) and (B) is t Fig. 2. CST (solid) and analytically (dottec
equivalent structure simulation through port response.

The obtained values were: coupling=@.0943, reflection,£0.99327, and loss per round trip

A %0.9855. The roughness induced reflectivity strongly affects the resonance shape, and this
model allows to extract all the ring resonator parameters in the presence of sidewall effect.
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Leaky modes in a non dissipative plasmonic waveguide with a bounded cross
section
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We study the modes of a plasmonic waveguide made of a dielectric and a metal inclusion with corners. Due to
the sign-changing permittivity, it appears singular phenomena which create leakage at the corners. An original
and stable numerical method involving PMLs at the corners is presented to compute and sort the modes.

Summary

We consider a cylindrical waveguide of axmsnade of a dielectric material with a cylindrical metal
inclusion. The cross section of the waveguide is bounded. The metal permittivity can be modelized
with the dissipationless Drude's model:

1 2

(M)y=1 1 ;—2

where ; characterizes the limit behaviour at high frequency,'anid the plasma frequency. Then for
frequencies <! |, the metal permittivity is a negative real number. We consider the time-harmonic
Maxwell's equations. By looking for the modes of shdjie H)(x;y;z;t) = (E;H)(x;y)€(Zz '),

2 R, we study ®rst the linearized eigenproblem (dependenteah frozen): A( )(E;H) =
I 2(E;H). For agiven 2 R, under some conditions onand the geometry [1], the operataf )
is self-adjoint with a discrete spectrum, then ﬂfe( ) 2 R;j 2 N, are associated to guided and
evanescent modes. Besides for a metal inclusion with corners, these properties can be no longer true
due to singular phenomena occurring at the corners [2, 3] called black-hole waves. In that case clas-
sical ®nite elements produce a real spectrum which contains both physical and spurious eigenvalues.
By taking into account the black-hole waves, one can sort the eigenvalues: the real ones correspond
to the guided and evanescent modes, the complex ones are associated to leaky modes. It may sound
odd for a waveguide of bounded cross section to obtain leaky modes, however this is due to the black-
hole waves introducing leakage at the corners. To be able to compute the modes with ®nite elements,
we perform an original use of PMLs by putting them at the corners. Numerical results con®rm that
this method is ef®cient and stable as we re®ne the mesh. Once the linearized eigenproblem is fully
understood, we can solve in principle the non linear eigenvalue problem.
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Numerical modeling of time-domain nanophotonic applications
using a discontinuous ®nite element type method
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During the last ten years, the discontinuous Galerkin time-domain (DGTD) method has progressively emerged
as a viable alternative to well established ®nite-difference time-domain (FDTD) and ®nite-element time-domain
(FETD) methods for the numerical simulation of electromagnetic wave propagation problems in the time-
domain. We discuss here about the development and application of such a DTGD method for solving the
system of time-domain Maxwell equations coupled to material models relevant to nanophotonics.

Summary

The DGTD method can be considered as a ®nite element method where the continuity constraint
at an element interface is released. While it keeps almost all the advantages of the ®nite element
method (large spectrum of applications, complex geometries, etc.), the DGTD method has other nice
properties which explain its increasing adoption in computational electrmagnetics: (1) it is naturally
adapted to a compact support high order interpolation of the unknown ®eld; (2) when the discretiza-
tion in space is coupled to an explicit time integration method, the DG method leads to a block diag-
onal mass matrix independently of the form of the local approximation (e.g the type of polynomial
interpolation) which is a striking difference with classical FETD formulations; (3) it easily handles
complex meshes including multi-element as well as non-conforming meshes with hanging nodes; (4)
itis exible with regards to the choice of the time stepping scheme. One may combine the DG spatial
discretization with any global or local explicit time integration scheme, or even implicit, provided
the resulting scheme is stable; (5) it is naturally adapted to parallel computing more precisely, the
compact nature of method is in favor of high computation to communication ratio especially when
the interpolation order is increased. Numerical modeling of electromagnetic wave propagation in in-
teraction with metallic nanostructures at optical frequencies requires to solve the system of Maxwell
equations coupled to appropriate models of physical dispersion in the metal. The most used are the
Drude and Drude-Lorentz models. We will discuss here about the adaptation of a DGTD initially
introduced in [1] in order to deal with various dispersion models. An ADE formulation has been
adopted. The resulting ADE-based DGTD method is detailed in [2] where we also study the stability
and a priori convergence of the method. We ®rst considered the case of Drude and Drude-Lorentz
models and, further extend the proposed ADE-based DGTD method to be able to deal with a general-
ized dispersion model in which we make use of adeapproximant to ®t an experimental permittivity
function. The numerical treatment of such a generalized dispersion model is also presented in [2].
In this talk, we will discuss about our efforts regarding this DGTD method in order to improve its
accuracy, exibility and ef®ciency in view of the numerical treatement of large-scale nanophotonics
applications. Numerical results will be presented for several of 3D problems ranging from academic
test problems to more realistic con®gurations.
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A Dirichlet-to-Neumann approach for the exact computation of guided modes
in photonic crystal waveguides

S. Flisst
1POems (UMR 7206 CNRS/ENSTA/INRIA)
sonia. iss@ensta-paristech.fr

This work deals with the computation of guided modes in 2D planar Photonic Crystal (PhC) waveguides. It is
a key issue in the process of designing devices in photonic communications. We propose an exact numerical
method for the computation of the guided modes which is, conversely to existing methods, independent from
their con®nement.

Summary

This work deals with 2D planar PhC waveguides which are obtained by introducing a line defect in

a 2D planar PhCs. In optics, such defects are created to construct an (open) waveguide that con-
centrates light. The existence and computation of the eigenmodes is a crucial issue. This is related
to a self-adjoint eigenvalue problem associated to a PDE in an unbounded domain (in the directions
orthogonal to the line defect), which makes both the analysis and the computations more complex.

For the computation of the guided modes, Swercell method a well-known method. It consists

in truncating the unbounded domain and making computations in the truncated domain. In practice,
this approach replaces the eigenvalue problem set in an unbounded domain to an approximated one
set in a bounded domain. The super-cell method has proven to be an ef®cient yet reliable method if
the modes are well-con®ned, i.e. decay exponentially inside the PhCs with large decay rate. However,
if the guided mode is not well-con®ned, the size of the truncated domain has to be suf®ciently large,
otherwise the computation can be wrong, and then the computational cost of the super-cell method
increases signi®cantly. Moreover, spurious eigenvalues and eigenvectors may be introduced by this
numerical method.

By adapting to eigenvalue problems the construction of DtN operators originally developed for scat-
tering problems [1], we want to offer a rigorously justi®ed alternative to existing methods. Com-
pared to the supercell method, the DtN method allows us to reduce the numerical computation to a
small neighborhood of the defect independently from the con®nement of the computed guided modes.
Moreover, as the method is exact, we improve the accuracy for not-well con®ned guided modes. Obvi-
ously, there is a price to be paid: the reduction of the problem leads to a nonlinear eigenvalue problem
of a ®xed point nature [2]. However, this dif®culty already has been overcome for homogeneous open
waveguides for which the DtN approach is well known [3].
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A Multigrid Solver with Adaptive Time-Stepping for t he WDM SOA response
J. Bog, C. Vagiona$
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A time-domain solver for the WDM response of Semiconductor c@p#mplifiers (SOA) relying on
multigrid numerical techniques, implicit time discretizatiethemes and a wideband steady state material
gain coefficient is presented with key feature of adaptive 8tapping mechanism towards efficiency.

Introduction

Improvements in SOA modelling have traditionally relied on spatigptgal division of the carrier-
induced gain dynamics on equidistant grids and wideband gainaeef$ [1]. The one-by-one
explicit schemes have led to impressive quantitative expetahenatching with commercial
SOAs[2]. Multigrid are adopted [3] for adaptive time-stepd anhanced computational efficiency.

Summary

Multigrid methods adopt a series of coarser grids for e ¢arrier densities, restricting the finest
grid of traditional longitudinal SOA division to two only sectoes shown in Fig.1(i), while
maintaining grid independent convergence rates. This implies s@vimgce the associated system
of coupled differential equations for the carrier distribution\dith the second order accurate
implicit midpoint rule and simple step doubling scheme, agagime-stepping with dense time
sampling at the rise/fall times only is exploited. As showFig.1(ii) for wavelength conversion at
10 Gb/s bits are resolved iHO(10) steps/samples regardless of the bitrate and pulse.shap

Adaptive time sampling is important for statistical BER analysiis leng bit patterns.
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Fig. 1.Coarse grids and adaptive time sampling for the XGM SOA operattbrdense samples at odd bits.

Conclusion
Adaptive time-stepping is presented for the WDM SOA respons@getyi multigrid techiques.
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An eigenmode expansion technique for modeling Kemonlinear waveguide
structures
J. Petraek
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petracek@fme.vutbr.cz

We present a new implementation of the eigenmodg®reston technique for modeling Kerr-nonlinear
waveguide structures. The formulation uses numigricstable scattering matrices and a perturbation
approach based on the rigorous coupled-mode theory.

Summary
It is well known thatlinear waveguide structures can be effectively simulabgdusing the
eigenmode expansion techniques (EME) [1]. The aggiras particularly advantageous for the
structures composed of longitudinally uniform wawvielgs (“sections”). An extension of EME for
Kerr-nonlinear structures has been already demonstrated [2].ndh&near technique uses spatial
discretisation of nonlinear sections and an iteegpirocedure that requires a repeated calculafion o
eigenmodes. The aim of this work is to present leerreative approach [3], labeled as NL-EME,
which solves the modal propagation in the nonlirssaations by using the rigorous coupled-mode
theory. In this way, the recalculation of eigenn®deavoided and thus one of the main advantages
of EME maintained.

We consider a nonlinear waveguide structure desdrilvith the dielectric function

e=g+gE
The structure is divided into the longitudinallyifenm sections; i.eg, and g inside of any section
are functions of transversal coordinatesy) only. The electromagnetic field in each section is

expanded in terms of the linear eigenmodes, whieh abtained as solutions of Maxwell's
equations fore=¢, Xy ) For linear structures g(=0), the technique follows the standard

formulation which employs the scattering matrices Note that the scattering-matrix formalism is
essential to prevent numerical instabilities thratralated to propagation of evanescent modes.

*, where €, is the dielectric function of the linear structuned E is the electric field.

For nonlinear structuregy* 0), we conside@E\2 as a perturbation of the linear dielectric

function g, and use the rigorous coupled-mode theory. Theepiwe leads to a nonlinear system

of coupled differential equations accompanied Wiithplicit) boundary conditions. We formulate a
straightforward iterative technique for solutiontlbé system. In particular, at each iteration step,
obtain linear problem, which can be efficiently\sa by using scattering matrices; in this way, the
nonlinear algorithm naturally extends the lineahtaque.

The paper will introduce the model and theoretfoanulation of NL-EME. Then we will
present numerical results for typical structureg.(eonlinear waveguide cavity with linear DBR
grating) that can be simulated. Finally, we willngmare NL-EME with other established
techniques.

AcknowledgmentsThis work was supported by Ministry of Educatiomuth, and Sports of the
Czech Republic under contract LD14008.
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Modeling of nonlinear nanoplasmonic and nanophotonic directionatouplers

P. Koskd, P. Kwiecief, I. Richtef* - yWIURNE&
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Results of numerical modeling of nanophotonic and nanoplasmoréctidital couplers based on slot
waveguide JHRPHWU\ RSHUDWLQJ ERWK LQ OLQHDK DgEHOEBOaHdQHDU
FRPPHUFLDO VRIWZDUH WRROV DUH SUHWHQWHG PXWXDOO\ FRPSI

Introduction

(INNLFLHQW QRQOLQHDU RSW L F hotorcH¥rmgehtxts.DRdrHheit HouApo@ét V L U L
operation, applicatorRlI ZDYHJXLGHV H[KLELWLQJ H[WUHP K @arhddgsJK WU
WKH PRVW SURPLVLQJ ,Q WKLV SDSH Usexdfal X HW LRA D@IEDQ ROSKIF
and nanoplasmonic directional couplers based on slot waveguwdeetiees [1-3], both in linear

and nonlinear (with Ker W\SH QRQOLQHDULW\ UHJLPHYV

Waveguide geometry and numerical modeling
The transversal cross-sections of several designs of both nanophertdnianoplasmonic (Figs.
F G GLUHFWLRQDO FRXSOHUV D WhHrige F KlH PED WIWRZIRODO W KR @
nanophotonic coupler is designed as a pair of coupled SOI al@guides while the structures in
Figs. 1c Grepresent two versions oK\EUL G G-plas@ahie VIt LWaveguide +'3 6 :
couplers, composed of two coupled HDPSWs. In all cases, thies slopposed to be filled with a
SRO\Wwithd Y H&trong KerrW\S H QR Q Silg@deviith Blbts are then embedded either in
Si0,,or- SHUKDSV PRUHISWRAWIF-®DHO GRO\PHU )L3IV)LIDY FE 86U L
ApartfromaQRQOLQHDU SRO\PHU W Keto@ski€y«d Lep HDIBW. KH R R @ I0Q QAR
RI PHWDO JROG LQ WKH +'63: FRXSOHB URSQ BHD O/HRoQsel &/ KUR
VRIWZDUH WRROV ZHUH -X/30G DQGPWAZR WRKUL(IBYBER&D O P H\
aRCWA [4-6] G HY HO R S HNenlihebF pitdpaadian was modeled with an in-house)NID-
%30 DQG D FRPPHU B, WdHKert-R RMQROR. @hpldridhtéll.\
= w
h
NL polymer

Sio, & Sio, g w
d d
h h
D E G
Fig. 1. Examples of designs dd piredcoupled SOI slot waveguide couplers, and @glasmonic
directional couplers based on HDPSW LW K QRQOLQHDU SRO\PHU

(INMLFLHQF\ DQ Gf rbodélingUrdefhods will be discussed, in both linear and nonlinear
regimes, and calculated switching properties of wavegwdeter designs will be mxX DO O\
compared and assessed.

NL polymer g

T T

SiO
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Sio,

2
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Subwavelength gratings for the filtering of light
(spectral, spatial and polarization)

Riad Haidat>"
Patrick Bouchoh Paul Chevaliér, Julien Jaeck Quentin Lévesqudé, Fabrice Pardo
Jean-Luc PelouafdClément Tardiet?, Grégory Vincerit

'ONERA, the French aerospace lab, Chemin de la HenRalaiseau, France
“Laboratoire de photoniques et de nanostructuresRSNRoute de Nozay, Marcoussis, France

Ecole Polyechnique, Palaiseau, France
*haidar@onera.fr

The current trend towards compact, cost-effectinel anulti-purpose infrared opto-electronic

systems brings the need for new conception toold chnological means. In this frame,

subwavelength and plasmonic concepts open promasiagues: at a first level, for the conception
of high-efficiency and compact optical elementsgsr(i.e., polarizer, filter, or lens arrays) thah

be brought in the vicinity of focal plane arraysside the confined volume of the camera; at a
second level, for the integration of optical funas within the pixel of detection; and at a third

level, for the enhancement of the opto-electromapprties of the elementary infrared detector. |

will draw an overview of recent advances and redlins done in our lab.
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Coupled-wave analysis of the unexpectedly low-loptasmon-triggered switching

between orders diffracted by a metal grating
E. Mounkala, A.V. Tishchenko, O. Parriaux
Laboratoire Hubert Curien UMR CNRS 5516, 18 RuefPBo Lauras, Lyon University, F-42000 St-Etienne
parriaux@univ-st-etienne.fr

Abstract
A coupled-wave formalism is developed to give ammeenological understanding of how a*+ind -2¢

order grating-coupled plasmon mode triggers thetchivig between the™and -f' diffracted orders
reflected by an undulated metal surface with iningly low absorption loss.

The structure and incidence conditions

The structure is a simple, rather deep sinusoidal undulation (depth/peipoalb@it 0.3) of a metal
surface. The incidence angleis in the neighborhood of the *tdorder Littrow condition. The
wavelength/period ratio is such that the reflect8ad - ' diffraction orders are propagating.

The plasmon-triggered switching effect in the angular domain
Applying the exact Chandezon method to the

TM-excited structure results in thé"@nd -£'
order angular spectra of the figure oppos :
obtained with a silver grating: as expected, tr 5

1*' order (curve B) is maximum at Littro “e order 4% order

plasmon Littrow

incidence. Increasing provokes a fall of the - +1% order couplin
1* order, (and an increase of the Fres anomaly

reflection, curve A) which reaches zero (resg
maximum) at the angle ensuring *+brder
plasmon coupling. Decreasinigdoes the sam
at the angle of ¥ order plasmon coupling. Thi
new effect was demonstrated experiment:
and shows also in the wavelength domain
fixed angle ! [1]. Surprisingly, plotting the A
energy balance versus reveals that the 10 2 30 a0
absorption losses are small when the plasmc Incidence angle (°)

excited and maximum off-resonance (curve C).
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Towards a phenomenological representation

To elucidate the coupling mechanism, and to broaden the domain whereperate and possibly
be applicable, the authors are developing a coupled-mode formalishidh the waves considered
are the incident beam, the reflectél @and -f' propagating orders, the forward- and backward-
propagating plasmon modes. The formalism has now been established instheontise form.
There remains to calculate the coupling coefficients on the basisncrete examples modelized
exactly by the Chandezon method, then to check that these are relevant pheogicsnol
parameters in that they remain essentially constant over a reasoidbiamnge of optogeometrical
parameters.

The intended contribution will describe the developed coupled-wave lisnmand explain the
physics behind this low-loss plasmon-triggered free-space wave switchiog effe
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Optical quasimodes and their application to infrared spectral ®ltering
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S. Tisserand, F. Bedl?, H. Dallaporta
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Cedex 9, France
benjamin.vial@fresnel.fr

We present a Finite Element modal approach to study resonant interraction of light with metamaterials. This
technique is applied to the design of infrared spectral ®lters for multispectral imaging applications. Fabrication
and measurements in good agreement with numerical calculations are also reported.

Various ®ltering functions can be performed by bi-periodic diffractive structures patterned at a sub-
wavelength scale, which shows a resonant behaviour. We have developed a modal approach based on
the ®nite element method (FEM) adapted to diffractive structures of arbitrary geometry. If the modal
analysis in bounded domains is well known, it shows to be much more dif®cult in the unbounded case,
revealing quasimodes associated with complex eigenvalues. Through a geometrical transformation of
coordinates, our method allows to treat a bounded problem where the free space is truncated by Per-
fectly Matched Layers (PML). This technique that allows us to ®nd numerically an arbitrary number
of eigenvalues in the complex plane. In addition, we show that it is possible to expand the solution
of the problem with sources on the reduced eigenvectors basis [1]. Thus we can obtain the coupling
coef®cients of a plane wave of frequency, incidence and arbitrary polarization with a particular mode,
giving us valuable information on the conditions of excitation of resonances of the system. We then
apply these techniques to the design of several bi-periodic structures realizing different ®ltering func-
tions in the infrared and study their spectral properties. Two types of ®lters, band cut in re exion
(with metal insulator metal metamaterial [2]) and bandpass in transmission (with annular aperture
arrays [3]), have been fabricated and experimentally characterized.
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Tunability of plasmonic surface lattice resonances via experiments and
numerical mode analysis
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Angle-dependent measurements on arrays of metallic nanorods are confronted witis warnerical
simulations. We analyze in-depth the properties of surface lattice resonartbesea systems, which are
coupled excitations of localized surface plasmon resonances and Rayleigh anomalies.

Introduction

When in-plane diffraction is occurring via metallic particles, one has the possibility to excite
interesting hybrid photonic-plasmonic modes. We examine the tunability, angular dispersion and
field profile of these so-called surface lattice resonances via experiments and numerical simulations.
Summary

Experimentally we vary the nanoparticle width, so that various detunings of the localized mode and
the in-plane diffraction (or Rayleigh anomaly) are observed (Fig. 1 left). Numeriwellgan
elucidate these properties via analysis, amongst others, of the eigenmode profiles, their spatial
extension and the radiative properties (Fig. 1 right). The extensive range of properties such a
narrow and wide spectral responses, bright and dark angular spectra etc. allows for various
applications [1].

Fig. 1. (Left) Example of an experimental angular extinction spectrum in function afyeaad propagation
constant. (Right) Calculated eigenmode profile for various particle widths.
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It is argued that the sensitivity of an optical sag device, defined as the relative change of the
transmittance for refractive index changes, isadlipselated to the group delay. Further, a genexptession
relating group delay and the ratio of the time-aged optical energy and the input power is presente

Introduction

The big potential of integrated optical refractometric sensing devicesdeneed by the large
number of publications in the field, showing manifedent device implementations owing to the
large variety of application conditions, and aledtie chase after devices with a high sensitivity.
The aim of this paper is to consider the relevawicéhe different definitions used in literature for
device sensitivity and also to discuss which phalsjuiantities are relevant for a high sensitivity.

Theory
We consider an abstract device. Assuming that the dominant noise is proportioraltrianta
mittance, as a consequence of, for example, powetutitions of the source, variations in detector

responsivity, or mechanical instabilities, we defthe sensitivitysfor changes of the index by
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We present the numerical analysis of perforated microring resonators. Transmission characteristics and perfor-
mance of these devices are investigated through Finite-Difference-Time-Domain method.

Introduction

Microring resonators have many different ®elds of application such as ®ltering, sensing and so on.
One particular modi®cation that can increase the performance of these devices is the introduction of
perforations inside the core material. Analysis of such devices is sparse in literature, mostly limited
to slotted [1] and perforated [2] microring resonators. We investigate the effect of periodicity in the
core of the ring on transmission properties, thus opening new scenarios for possible applications.

Results

Fig. 1(a) shows the geometry of a microring resonator with circular perforations. The aim of these
perforations is to increase the volume in which the electromagnetic ®eld of the guided wave interacts
with the surrounded material. The dispersive behavior of periodic structures should also be consid-
ered. The band-gap determined by the periodic defects (Fig. 1(b)) modi®es the transmission of the
waveguide coupled with the ring (Fig. 1(c)). There are no propagating modes in the ring for frequen-
cies inside the band-gap. Due to the high dispersion for wavelengths close to the band-edge, the free
spectral range of the resonator is also modi®ed. Different hole shapes can be used to achieve different
results, thus making the response of the device more sensitive to perturbations. In the ®nal work we
will show how the shape of the holes can in uence the response of the device.
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For a90 photonic crystal waveguide bend, a second order sensitivity analysis is performed at the frequency
where the transmission coef®cient is nearly 1. If the radius of a rod follows a normal distribution, we show that
the transmission coef®cient follows a non-centratlistribution approximately.

Introduction

For practical applications of photonic crystal (PhC) devices, it is important to determine the sensitivity

of device properties with respect to design parameters. Standard sensitivity analysis [1] based on the
adjoint variable method calculates the ®rst order partial derivatives of a response function with respect
to the parameters. In some cases, the ®rst order derivatives are nearly zero, and it is necessary to
calculate the second order partial derivatives. We consider 8C waveguide bend (shown in the

left panel of the ®gure below) where the background is a square lattice (lattice ctr)stbdielectric

rods (radiu€:18L, dielectric constant1:56). For certain frequency, the transmission coef®clent
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is nearly 1, then the partial derivatives Dfwith respect to design parameters (such as the radii of

the rods) are nearly zero, and the second order derivatives can no longer be ignored. Besides, if the
radii of the rods are assumed to be random variables following certain probability distribution, we can
approximate the distribution af more accurately when the second order derivatives are available.

Results

It is possible to ef®ciently analyze 2D PhC devices based on the Dirichlet-to-Neumann (DtN) maps
of the unit cells [2]. We have extended the DtN-map method to calculate the ®rst and second order
partial derivatives of device properties such as the transmission coef@cidtar the90 bend at

the normalized frequendy.= (2 ¢) = 0:35, the ®rst and second order derivativE8gnd Ty with

respect to the radius of the rod marked by integjareTqr) = 0:005782andT%r) = 7:2801 Ifa

radius of that rod has a random perturbationwhich follows the normal distributiohl (0; 2), we

can show that the distribution @f(r + r) is related to the non-centraf distributiop by

@ 2
T(r+ r) T(r) ;—TO(er)) = ;TO‘(r) z 2 T'I;;(rr))

The above result is validated by simulations as shown in the right panel of the ®gure above.
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Using a new combined analytical approach, air gap tuefiegts on resonant frequency and radiation field
of multilayered equilateral triangular microstrip emta will be presented in this paper. The problem is
analysed in spectral domain using moment method MoM and emieligeld integral equation combined
with a mathematical approach.

Introduction

Generally the value of permittivity is the most sensitparameter in microstrip antenna
performance, it must be fixed and is unchangeabldepends on dielectric's nature only, but in
some cases as microwaves domain, we need to change iiwgtianging the media or modifying
the structure. Note that, we are in front of an elecagmatic problem, a rigorous calculus using an
analytical approach based on Maxwell's equations and rapdomain method of moments
combired with mathematical approach “reference element adétfi], [2] will be presented in the
present study, by inserting an air gap in the substedteelen the dielectric and the ground plane of
an equilateral triangular patch antenna or even at ithélenof the dielectric.

Problem formulation and results
Starting from Maxwell's equations in Fouriansform the exact Green functions formulas can be

deduced for two and three layers:

G2z, G12, Go1, Go2: Parameters calculated rigorously using this approach.

The proposed mathematical method is general and cappded to any
form can be approximated to a known form, for calculativeg Fourier
transform of basis functions.

Conclusion

Although the proposed approach can give results faraev

resonant modes according to different parameters @irttenna.

Only analysis of real part’'s coplex resonant frequency will be
presented.
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We investigate the photonic band gap (PBG) spectra ofdimensional photonic crystalD PC’s)
created by square and hexagonal lattices consisting of coating 1©dS with a thin air layer in a TiO
matrix. The square lattice of coated rods is modified by iimgea small air rod into the center of each
square unit cell.

Introduction

PCs are periodic dielectric structures designed to control angutatei the propagation of light.
One of the most interesting properties of PC’s is that they eatebigned to possess an absolute
PBG’s. Much attention has therefore, been drawn towards 2D PQisuiite typical lattice types,
for example square, hexagonal and complex lattices. Many asidmpe been made to design
various kinds of PC’s to achieve a large absolute PBG. To our knowlenlgea few authors have
investigated how the existence of interfacial (or cladding) layers affecigroperties of PBG’s [1].

Summary

We investigate different aspect of the absolute PBG in two-dimenssopare and hexagonal
lattices considering an interfacial layer between the Cd8e and the Ti@matrix. Our results
show that in a square lattice a coating alone does not help to arealbsolute PBG. However, we
showed that adding air rod into the center of each square unit cglfaduce the absolute PBG.
The optimum gap is achieved by tuning the thickness of the shell layer in the esmfypttices.

Results

Ciie Air

Fig. 1.(a) Schematic representation of the studied structures iiithW/"  of the absolute PBG for the
square lattice plotted as a function of radius rgt#o for three thicknesses of the shell layer # = 08357
0.337%, and 0.31&.

Conclusion

Our results suggest that the presence of the shell layer surroundiGg$leerods has an obvious
influence on the value of the absolute PBG. The optimum gap camthmen by tuning the
thickness of the coating layer for each structure.
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We compare two Finite-difference-Time-Domain software packages. One runs the simulation utilizing Central
Processing Unit (CPU), another - Graphical Processing Unit (GPU). By shifting simulation execution from
CPU to GPU a signi®cant reduction of computation time can be achieved.

Introduction

The size of the possible simulation with Finite-Difference-Time-Domain (FDTD) method is often
limited by computation time. By combining the parallel nature of FDTD algorithm with GPU re-
duction in computation time can be obtained. In this work we present comparison between two free
FDTD software packages. One is using CPU - Meep [1]. And the other is using GPU - B-CALM
[2]. Two 3D structures were analyzed: metallic rectangular cavity resonator and microring resonator
based refractive index sensor. The comparison between both FDTD packages is made with regard to
simulation time and numerical accuracy.

Results
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We propose a modification of the propagation moearrield technique to determine the equivalenp ste
index of direct laser written optical waveguides.

Introduction

The direct writing of optical waveguides using ultra-short laser pulses thasted considerable
interest because of its advantage in the fabricathd three dimensional optical structures.
Determining the refractive index of the resultingweguides is essential but difficult. One method
is based on the propagation mode near field teaenif§MNFT) in which the measured modal near
field is used together with the wave equation taercally determine the refractive index. This
method can be inaccurate because noise in the regasear field makes numerical calculation of
the second derivative in the wave equation unridigbor many applications, a detailed knowledge
of the refractive index profile is unnecessary amstead an equivalent step index (ESI) which
accurately predicts the modal field is adequatés phper presents a modification of the PMNFT to
determine the ESI of direct laser written (DLW) wguides. The optical fields computed using the
resulting ESI are in very close agreement with thesoneal fields.

Determination of the Equivalent Step Index

The optical near field of a DLW waveguide was meaduNoise in the resulting data was reduced
by applying a digital Savitzky-Golay filter. A conmation of Laguerre-Gaussian and modified
Bessel functions was used to fit the measured near
field in the central and cladding regions of the
waveguide respectively. This, together, with thereva
equation, was used to compute a first estimatdef t
ESI difference ¢ J and core radius = These
estimation values were used as the starting pdint o
an optimisation process whereby the modal field of
the ESI was computed and the mean square error
between the computed and measured field was
calculated. The optimal values @f Jand =were then
found that resulted in a best fit that minimisee th
mean square error between the computed and
measured fields. The optimisation routine exploited
an accurate analytical expression for the moddd fie
propagation constant for the solution of the
dispersion equation. Figure 1 shows a typical exarapthe measured near field and the calculated
one using the best fit ESI with, J L raramd = L t& e+ The two field distributions agree very
closely and both have a mode field diameteudf w #le mean square errorssa { H $7

Conclusion

We have demonstrated a modification of the PMNFTind the ESI of the DLW waveguides. The
optical fields predicted from the ESI are in extedynclose agreement with the measured fields,
which provide useful information for the fabrication and characterization of the written waveguides.
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Morris-index screening technique to assess parameters
incertitude in microring-based Optical Networks-on-Chip
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Fig. 1. (Left) Network under test: rings RA1, RA2, RA3, RA4 are resonant4yithings RB1, RB2, RB3,
RB4 are resonant wittg, * ¢ is a through wavelength for both families. (Right) Relative impact of the radi
imperfections on the optical signal-to-noise ratio of each routing path, astedshy the Morris method.

Conclusion

Statistical screening techniques can provide, with a low computational cost, an insight of the impact

of technological tolerances on the switching performance of complex optical networks.
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A vectorial solver for the re ection of semi-con ned waves
at slab waveguide discontinuities for non-perpendicularmcidence
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The non-normal incidence of thin- Im guided, in-plane utdgd optical waves on straight, possibly composite
slab waveguide facets is considered. The quasi-analytieatorial solutions permit to inspect polarization
properties of re ected and refracted guided waves, ragidtisses, and full eld details near the facet.

Non-normal light incidence on a slab waveguide discontindy

The effects of a straight transition between regions wiffeént layering, or of a core facet, on
thin- Im guided, in-plane unguided light forms the basig # series of classical integrated optical
components. While scalar TE / TM Helmholtz equations appiypkerpendicular incidence, for non-
normal incidence one is led to a vectorial problem [1] thdbrsnally identical to that for the modes
of 3-D channel waveguides. Here, however, it needs to beedas a parametrized, inhomogeneous
system on a 2-D computational window with transparent-inboundary conditions.

Vectorial, quasi-analytical solutions by quadridirectional eigenmode propagation (QUEP)

As a step beyond the scalar approximation [1] and an olderdgaitional approach [2], we report on a
dedicated vectorial solver for — in principle — arbitrargt@angular cross section geometries, based
on simultaneous expansions into slab modes atamgorthogonal coordinate axes (QUEP, [3]). A
review of general aspects (solver speci cs, power balare@procity, characteristic angles), will be
followed by a discussion of solutions for different con guiions, including the example below.

0
z [mm]
Re ection of semi-guided plane waves at a thin Im facet.: (89 ected / outgoing power carried by the §E
/ TMg modes Rteo, RTmo) and by all TE / TM wavesRte, Pry) for TEy- (top) or TMy-excitation (bottom),
versus incidence angle critical angles ¢, s, m for power being carried away by “cover”, “substrate”, and TM
- elds; quasi-Brewster anglean g = nc=nes 1e0. (b): €.m. components (absolute values) fop¥Xcitation
at =30 . Parametersng:ns:n.=1:5:20:2120, d=0:5 m, vacuum wavelength=1:55 m.
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The original results which construct the basis of multi-spigtfiltering technology have been reviewed. The
main building blocks like an excellent silicon wire crossingydified effective index method and original
design let possible to develop and study a new optical multiplexié by multiple coupled Si-wires on SOI.

Introduction

Silicon photonics creates a great amount of optical devices intiefodedifferent applications from
telecom to sensors. None of them are ideal but each has soraatages related to the others. A
brief description of original results which make the building blooksnulti-splitting (MS) photonic
structures on silicon-on-insulator (SOI), which can be used asbteirfdter or reconfigurable
optical add drop multiplexer (ROADM), are discussed and reviewelde paper.

Summary

A general view of the novel multi-splitting multiplexer is shown Fig. 1. Device examination is
very complicated and the study has been divided into sevepalae parts, which are focused on
one key point. The first part is devoted to the approach of muéiayaveguide crossing [1] which
is also suitable to construct a damper. Next part discuses the ewdiffective index method
MEIM [2] which is optimal for direct 2D modeling of the device as it oectly (with about 1%
error) describes in 2D case the phase and group index of 3D siicerwaveguide. Optimum filter
design [3] takes into account a constant pass-length differemteaaration of coupling strength by
controlling the gap between directional couplers used as peplitters. Spectrum properties of the
MS filter and it tuning by thermo-optic effect are examined bydir2D modeling jointly by FDTD
and MEIM. Work is supported by the grant 12-07-00018/ the Russian Fund for Basic Research.
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Fig. 1 The principle view of multi-splitting tunable multiplexer.
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The propagation of the signal in the single-mode silicon wire waithltiple tunnel reflections has been
examined. A possible signal interference at multiple wiressirg in silicon optical microchips is shown.

Introduction

In silicon photonics in the design and construction of opticatrothips naturally arises multiple
crossings of silicon wires. To realize an efficient crosswmigh minimal scattering cross, we
proposed [1, 2] to use the tunnel coupling through the oxide buffer lafthe optical wave from a
tapered silicon wire into the adjacent polymer waveguide amntt bathe tapered silicon wire. For
the cross direction this polymer waveguide is a tunnel insett &ivery small reflection of the
incident wave (of the order 19 [2]. We are interesting what would be happen if the number of
intersections with such polymer inserts become very large?

Summary

The scheme of tunnel scattering of light by polymer inserts @whin Fig. 1. The arrows indicate
the incident (from the left) and the reflected fields. A direaamerical simulation is problematic due
to a weak influence to the signal by tunneling inserts. For the Isitiom we used a high-precision
approach based on semi-analytic method of lines (MolL) [3], ivieéca well-proved for the optical

tasks with a high index contrast like a silicon structures.

Fig. 1 The tunnel scattering by polymer inserts.

Results

It is shown that because of the collective scattering by the tunmeldections one can got the

almost completely blocking of the optical signal, despite $simall reflection by the each inserts. In
the contrast to the strong Bragg gratings reflection, théesdag by the weak tunneling inserts does
not lead to a strong reverse reflection of the guided mode. Trntisei case of the signal blocking

the optical signal is scattered into the waveguide environnmWork is supported by the grant 12-

07-00018 by the Russian Fund for Basic Research.
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The Approximation Functions Method for Nonlinear Volterra Integral
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The approximation functions method for the solution of a nonlinear Volteegraitequation is presented. A
computer model based on the algorithm is developed and the transformatioelettromagnetic pulse in a
nonlinear layer is investigated.

Introduction

Interactions of optical pulses with active semiconductor waveguides are of significant importance in
guantum electronics and optical communications technology. As a rule an exact consideration of
electromagnetic processes in nonlinear media is possible only in special cases, so ajgproxima
methods are put on the forefront. In this paper the nonlinear Volterra integral equation Ji] whic
describes electromagnetic waves in a nonlinear layer is solved by the method of agprgxima
functions [2].

Summary

Using the developed method the nonlinear Volterra integral equation is reduced to aafystem
linear algebraic equations. The Newton method for the solution of this system provides quadratic
convergence. Original software for computer modeling of such an algorithm is developisl and
applications to some physical phenomena are presented. In particular the transformation of
electromagnetic pulses by a layer with a nonlinear medium is considered. The method developed
has no limitations on the type of nonlinearity.

Results

Fig. 1. The transformation
of the Gaussian pulse in the
layer with the nonlinear
medium and snapshots of
the pulse at various points

of the layer.
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Full-vectorial finite-differece analysis of ferroelectric BaTiO; device
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Fig. 1. Schematic of the slot waveguide Fig.2. (a) Simulated electro-optical effect for TM-like mode
of Mach-Zehnder modulator (b) Propagation loss versus gap D for \different

Starting with Pockell's coefficients of the bulk materitle electro-optic responses of proposed
device are stimulated and presented in Fig.2(a). With applied DC voltage of 0-20V, TM-like
propagation mode shows a variation of effective ineley = [0, 1.57x10], and the modulator
parameter VIL= [2.9V-cm, 0.9 Vcm]. We reveal thus an effective Pockels coefficieqt =+
48.69pm/V at 20V, comparable to the experimental data. Fig.2(b) shows a wider gap D decrease
the propagation loss. With a large D (>1.0um), electrodes widghpleys less important role as
electrodes are far away from the propagation mode to absorb. 0.42 dB/cm loss was derived with
D=1.0um and W=0.5um. However, a large D means, at the same time, less electrical/optical
overlap, and then less efficient electro-optic effect.

Accurate calculation has been carried out, including the index variation of non-diagonal permittivity
material (BaTiQ in this case) induced by the bias voltage, and the impact of the design parameters
on proposed device performance.
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In this paper, we report the optical properties of aasili(Si) solar cell when varying the parameters of a micro
pillar array on the cell surface using the FDTD technique.

Summary

Texturing techniques are important for trapping the incident light. There are various techniques
available such as: placing nanowires [1], micro pillaRs] [2], etc on the cell surface. In this study we
consider, texturing SiPs on the surface of a Si solar cell, placed in hexagonal arrays. Reflectance (R)
is obtained when varying the surface coverage (SC) between 20 and 80 % and pillarslizeteten
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We study the Perfectly Matched Layers (PMLSs) in the framework of Negative Index Metamaterials. As ex-
pected, the standard PMLs are unstable due to the presence of backward waves. An asymptotic analysis allows
us to understand this phenomenon and to propose new stable PMLs.

Summary

The simulation of waves in unbounded domains requires methods to arti®cially truncate the compu-
tational domain, for instance the Perfectly Matched Layers (PMLs) which are effective and stable for
non dispersive isotropic media. For non dispersive anisotropic media, a necessary stability condition
was established in [1]: a PML is always unstable in presence of backward waves. We are interested
here in Negative Index Metamaterials (NIMs) which are dispersive and show backward waves. So we
sought to extend the stability result of [1] to very general dispersive models and to a larger class of
PMLs. To simplify the presentation, we consider the 2D Maxwell's equations (TE mode) in time do-
main coupled with a simple model of NIMs: the Drude model. It is de®ned in the frequency domain
by"(!)="1(1 '2=!?)and (!)= 1 (1 !2=!?). Forthis model, numerical simulations con-

®rm the instabilities of the standard PMLs (cf Fig. 1). Those can be understood as complex changes
of variable leading to the following modi®cation of the spatial derivatives

MO v o
@'! 1+ | @ and @'! 1+ g @:
Inspired by previous works like [2], we propose more general changes of variable
()1 v
Q@' 1+“ o) @ and @'! 1+i! ") @;

where (! ) is afunction to be chosen judiciously. Using an asymptotic analysis, we have generalised
the necessary stability condition for those new PMLs. This analysis allows us to understand the
instabilities observed for standard PMLs in NIMs and to propose a choice of funct{drswhich

takes into account the backward waves. Numerical simulations con®rm the stabilization of the PMLs
(cf Fig. 1). Our results can be easily generalized to a larger class of NIMs like the Lorentz model.
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We propose a new method of complete dielectricaiemstrieval for gyrotropic 3D dielectric photonic
crystals in the optical domain. The method is basedigorous solution of the wave equation in a plax
3D periodic artificial media and subsequent caliboitaof effective medium parameters.

Introduction

Artificial 3D periodic media with specific anisopiz properties are promising candidates for
replacing natural materials in various optical &gilons. Recent progress in fabrication of such
materials [1,2] establishes reliable experimentaelhods for complex 3D periodic media fabrication
at micro and nanoscales. This progress needs sufggorted by computational techniques which
are able to predict and optimize artificial medjatical properties. Currently there is a need in
efficient methods capable to rigorously calculdteative dielectric tensor for 3D periodic material
with complex period filling [3]. To fulfill this ga in this work we propose a new numerical method
which is based on our previous results.

Summary

New method of complete dielectric tensor retridealgyrotropic 3D dielectric photonic crystals in
optical domain is based on the Generalized Sourethddl [4] applied in the 3D Fourier space [5].
An approach proposed in [5] allows calculating atagdes of the Fourier harmonics in an arbitrary
dielectric 3D periodic structure in linear time witespect to the problem geometry complexity for a
given exciting external plane wave. Thus, by catng complex poles of the amplitude response
relative to the incident wave wavenumber we obtaiaode propagation constants in a given
propagation direction. Analysis of modal amplitugesvides us with directions of the principal
axes of the dielectric tensor. Separation of tharmagtric and antisymmetric parts of the dielectric
tensor in a given coordinate frame allows distispirig the gyration part, and further rotation a th
tensor to the principal axes gives all the comptehthe effective gyration vector.
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We study properties of collective plasmon resonances on groups ofspie¢aés. The method is based on
rigorous solution of electromagnetic scattering problem combingdaniaccurate pole finding algorithm to
retrieve precisely resonance characteristics and modal near fields.

Introduction

The electromagnetic excitation of metal particles induces a resonant collective oscillation of the
conduction electrons, resulting in a local increase of the electromagnetic near field. These
resonances, called localized surface plasmon resonance (LSPRs) appear in the visible spectrum and
depend on the size, shape and nature of the metal and the host material [1]. This unique property is
widely used in many application areas such as SERS, bio-sensing, biomedicine and nano-photonics.
The modeling of the optical properties of the nanoparticles is rigorously determined using
electromagnetic theory by developing solution in terms of spherical harmonics. The Extended
Boundary Condition Method (EBCM) or Null-Field Method (NFM) is based on surface integrals in
spherical coordinates and the electromagnetic response of a particle is formulated in form of T-
Matrix [2].

Summary

We apply the method developed in the
earlier study of resonances on single
metal particles [3] to extract numerically
the characteristics of different plasmon
modes of silver nanoparticle assemblies
directly from the scattering parameters
(cross sections and optical near-field)
calculated using EBCM. This gives
precisely the position and width of the
resonance and the near field for each
excited plasmon mode (Fig. 1).

Finally, we introduce a general
phenomenological approach to describe
plasmon resonances.

Fig. 1. Extinction cross section of a set of 25 Ag spheres and the near field intensity in three
different plasmon modes.
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Explanation of ultra narrow-band reflection from a 1d grating based on a modal
method and symmetry considerations
T. Kampfeé', A.V. Tishchenkd, O. Parriaux
! University of Lyon, Lab. H. Curien UMR CNRS 5516, F-42000 Saint-Etienne

*

sub-wavelength grating To10 / =706.2 nm
0.8 r=353.1nm
0.6 h=482.5nm
i
0.0
999.9998 1000.0000 / [nm] 1000.0002

(a): Considered grating with parameter definition, (b): example of an extremely bandwesonance

Summary

The occurrence of the narrowband resonances can be understood by considering the first two
vertically propagating modes, created by the periodic refractive index variation ohathey gFig.

1(a)). The resonances can be identified by the number of rounairgasdm, in the corresponding

Fabry Perot resonators [3]. The interaction between the modes and their transmission to the outside
can be described by transmission and reflection coefficients at the substrate-gratingtiagd gra
cover interface, while their propagation simply corresponds to a phaseshift. By using energy
conservation at the interfaces and certain symmetry considerations, the ideal zero-width fano-type
resonance is found if the following grating heights o andh.es ; are equal :

eff ,0 hres,z - gnzp + ar%ﬁ I—

c2lo2™ Leol2z

eff ,2

oo = e rare 2 &
=0 é %tcoroz' thrOO ;
(tex — transmission coeff. of modeto cover and substratg, — reflection coeff. from modg to y;

Nett x — €ffective index of modeg). As will be shown in the presentation the equality of those two
heights is systematically fulfilled for the considered grating structure, which explains the inevitable
occurrence of ultra-narrowband resonances and allows the determination of their paranagters in
exhaustive, analytic fashion.
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We present an ef®cient approximate analysis for surface plasmon-polariton (SPP) waveguides using semi-vector
optimal variational method. An example of dielectric loaded SPP waveguide is presented in detail. Results of
the present analysis show good agreement with rigorous numerical results.

Introduction

For an SPP waveguide, the effective index method (EIM) provides simple and approximate modal
analysis. However, the EIM does not work well for the modes close to the cut-off and also in [1] it
has been shown that the EIM can be implemented in two ways, named as EIM-1 and EIM-2 and both
the analysis give different results. To avoid this ambiguity and obtain better results, we propose to use
the semi-vector optimal variational method (S\&WT) [2] for the modal analysis of SPP waveguides.

Results and Discussion

In the semi-vector analysis of the S\O¥T method, the modal ®eld is assumed to be separable in
two orthogonal directions. In this paper, we present the ®#WVanalysis for a dielectric loaded SPP
(DLSPP) waveguide. In the DLSPP waveguide a polymer ridge is placed on a gold ®Im to reduce
the waveguide mode size in lateral cross-section. In Fig 1, the variation of mode effective index,
Nett = Re( =k ) and propagation length, = 1=2Im( ), with polymer ridge thickness are shown.

The schematic of the DLSPP waveguide is shown in the inset. This method gives accurate results
even for the modes close to the cut-off and, unlike EIM, converges to the same results if started with
different initial approximations.

SVIVopt
FEM
EIM1
EIM2
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Characteristics of Dual-Core Hybrid Plasmonic Liquid Crystal Photonic
Crystal Fiber

B. M. Younis? A. M. Heikal" > Mohamed Farhat O. Haméetl Maher Abdelrazak
S. S. A. Obayya

'Centre for Photonics and Smart Materials, Zewail City of SciandeTechnology,
Sheikh Zayed District, 6th of October City, Giza, E¢ygibayya@zewailcity.edu.eg
“Electronics and Communications Engineering Department, Faculngineering,
Mansoura University, Mansoura, Egypt
*Mathematics and Engineering Physics Department, Faculty ginBaring, Mansoura University,
Mansoura, Egypt

In this paper, a novel design of dual-core hybrid plasmaigd crystal photonic crystal fiber (HPLC-
PCF) is reported and analyzed using full vectoriatdiglement method (FVFEM). The HPLC-PCF has a
metal wire between the two cores. In addition, two ldrgjes in the two cores are infiltrated by nematic
liquid crystal (NLC) of type E7. The effects of theustiure geometrical parameters, temperature and
rotation angle of the direction of the NLC on the modal cher&stics of the proposed design is
investigated in detail. The analyzed parameters aeetefé index, attenuation, and coupling coefficient.
It is evident from the simulation results that the HPLCFPhas high tunability with temperature and
external electric filed due to the infiltration withet NLC.

Design Considerations

Figure 1 shows the proposed HPLC-PCF. The suggested PR baft glass of type FK51Aas a
background material and the cladding air holes of diametara arranged in hexagonal shape. In
addition, a Gold metal wire of diametejsdinserted between the two cores. Moreover, two larges
diameter dinfiltrated by NLC are inserted in the two cores. Télé8eier equation for the NLC can be
obtained from [1], and the Drude model for the Gold is tdkem [2].The Sellmeier equation of FK51A
can be obtained from [3]. The modal characteristicthefsuggested design will be introduced in the
conference.

Fig.1 Cross section of the HP-PCF
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Polarization Characteristics of Elliptical Spiral Plasmonic Photonic
Crystal Fiber
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In this paper, a novel design of elliptical spiral plasimgotonic crystal fiber (ESP-

PCF) is reported and analyzed. The suggested deamm lyold metal wire in the

cladding region. The polarization characteristics @f pinoposed design are studied
using full vectorial finite element method (FVFEM). Thdeefs of the structure

geometrical parameters on the polarization characteristfi the ESP-PCF are
investigated in detail. In addition, the coupling propsrbetween x-polarized and y-
polarized core modes are reported.

Design and Simulated Results

Figure 1 (a) shows the proposed structure with an eliptiore region. The ESP-PCF
has eight spiral arms. Each arm consists of fowular air holes with diameter,d
The center of the next hole in each arm is located atdghmal distance,do the line
between the centers of two neighboring holes in the pusviing as shown in fig.
1(a).The ESP-PCF has a single gold wire in the fireg rclose to the core
region.Figure 1 (b) and (c) show the dispersion prgpartd attenuation of the
horizontally polarized and vertically polarized modesspectively.The simulated
results show that the vertically polarized and horizoptatlarized core modes are
separated in certain wavelength values which can beingass-band and stop-band
filter applications. More results will be presentedhia conference.

(@) (b) (c)

Fig. 1 () Schematic diagram of the proposed structurgel@agth dependence of (b) effective index
and (c) losses of the x-polarized and y-polarizerk anodes filled with gold wire into the air hole
layer.
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A new ®nite-element bidirectional beam propagation method (FE-BiBPM) is presented for multiple longitudi-
nal optical waveguide discontinuities. The proposed method is relying on the Blocked Schur (BS) algorithm [1]
to compute the square root of the characteristic matrices at the discontinuity section for the noniterative BiBPM
based on the scattering operators [2]. As will be demonstrated latter, the proposed BS-FE-BIBPM is very accu-
rate, versatile, ef®cient, fast and stable. Moreover, our newly proposed BS-FE-BiBPM provides more accurate
physically treatment of evanescent waves than other BiBPMs.

Summary

Using Schur decomposition which introduces a triangular matrix with a diagonal of the eigenvalues of
the characteristic matrix is more accurate while dealing with the evanescent modes in optical waveg-
uides. Furthermore, the ability of Schur algorithm to compute any desired square root for general
matrices leads to avoid any associated errors depending on the choice of the reference index in other
BiBPMs. However, the Schur method suffers from taking long execution time. Alternatively, we use
the Blocked Schur (BS) algorithm [1] which was found to be up to 6 times faster than Schur method.
Therefore, our newly proposed BS-FE-BiBPM will be faster than other BiBPMs when higher-orders
of rational approximations are a must to deal correctly with strongly re ecting optical structures.

To ensure the accuracy and stability of the proposed BS-FE-BiBPM, a distributed-feedback structure
(DFB) [3] of Fig. 1(a) is simulated. For the excited TE mode, Fig. 1(b) shows the re ectivity of the
DFB structure compared with those obtained through coupled wave theory [3] and the rotaded pad
primes of order [5/5] [3]. Our results are closer to the results of the coupled wave theory, while the
iterative method of pa#lapproximation produced a slight shift. Moreover, for the actual total power,
our approach is more accurate and stable than those obtaineddwgnoied of [1,1] or [5/5] as shown

in Fig. 1(c).
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Compact TM-Pass Polarizer Based on Silicon-on-Insulator

Photonic Wire
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A TM-pass polarizer based on silicon-on-insulator (S@hiptonic wire is introduced and
analyzed. The proposed polarizer structure is very singpjang on the deposition of a layer
of a high refractive index material into the silica sudtstr The polarizer is relatively short
with device length of only 0.5hm The analysis indicated an extinction ratio (ER) of 20 dB
for the TE polarization state and an insertion lok¥ ¢f 0.2 dB for TM state. Fabrication of
the introduced polarizer is compatible with standard@3vVfabrication process.

Design and simulation results

An optical polarizer is an integral part of modernceih-based circuits to prohibit the
propagation of one of the two supported polarizatiorestaillowing only one polarization

state through the photonic circuits, the problem of prdéion dependence in silicon photonic
circuits can be minimized. Various structures for trarsweelectric (TE) and transverse
magnetic (TM) polarizers have been introduced. In tligkwve propose a TM-pass polarizer
based on SOI photonic wire. The proposed polarizer tsteics very simple relying on the

deposition of layer of a high refractive index materiamaby silicon, into the silica substrate.
The optimization of the thickness of this layer and itdtjmwsrelative to the silicon core can

achieve an effective coupling between the TE-like fundamhenbde and this high-index

layer. The TM-like mode can still be propagated with madilosses.

The SOI photonic wire has both width and height fixed atGSilicon and silica refractive
indices are taken as 3.45 and 1.45, respectively at thatimgewavelength 1.5am while the
cladding is air. The thickness and the position of the deposiliedn layer are varied to
obtain the point at which the TM-like mode has low lossedevthie TE-like mode suffers
maximum losses. The optimized performance is achiavsdicon layer thickness of 250n
at 250nm from the silicon core. The calculated ER and IL of thiauer are 20 dB and 0.2
dB, respectively, at a relatively short device length & i&m The proposed TM-pass
polarizer is CMOS-compatible which makes it a simpleda#ate for photonic circuits.

Figure 1 Major magnetic field distributions for (a) fhid-like mode (H) and (b) the TE-like mode
(Hy) showing the high leakage of the TE-like mode due tplowy with the silicon layer in the
substrate.
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Surface plasmon polariton modes which can exisé onetal thin film covered with half-space uniaxiall
anisotropic material and having isotropic substit® analyzed using an eigenmode solver baseden th
finite element method. Possible leaky modes arefelly determined and discussed.

Introduction

Although the surface plasmon polariton (SPP) waxistiag at an interface between metal and
isotropic dielectric material has been well knowine related phenomenon when the dielectric
becomes anisotropic is relatively less investigat®¥d have recently analyzed SPPs at an interface
between metal and a uniaxially anisotropic dieleatnaterial and obtained possible leaky-mode
solutions in addition to the pure guided modes Y¥hen the optic axis of the uniaxial dielectric is
rotated in the plane of the interface, analytidaracteristic equations can be derived. In [1], we
demonstrated that complex modal effective indices oldauseng the finite-element-method (FEM)
eigenmode solver we developed agree excellently with the analytical solutions. This éBEnsdv
formulated using three electric-field (or magnédigle) components and incorporated with suitable
perfectly matched layers (PMLSs) for solving planaustures involving anisotropic materials with
arbitrary permittivity tensor. In this paper, wetenxd our SPP-mode study to two-interface
structures such as a metal thin film with cover andstrate materials. The cover region is made of
uniaxially anisotropic dielectric material, such %8B liquid crystal [2]. Such structure can have
applications in designing tunable SPP devices.

Results

Fig. 1(a) shows the two-planar-interface structarel coordinate systems for one numerical
example. Th =d andx = —d planes are the upper and lower interfaces, respégtof the silver
thin film with thickness @. Thex > d region is made of 5CB liquid crystal material ahdx <d
substrate region is silica. The SPP modes propadatg thez-direction. The operating wavelength
is taken to beO= 0.644 n and 2l = 80 nm. The FEM solver obtained Rg] and modal loss in
dB/ Rn versus Tcurves for | = 9¢° are shown in Fig. 1(b), whergy is the effective index, or the
modal index. The red dashed curve in Fig. 1(b)asitaff line determined by the uniaxial material.
That part of the Ref curve below the cutoff lineT> 64°) corresponds to a leaky SPP mode.
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Design and Analysis of a Coupled Strip-Slot Waveguide Structure for
Dispersion Compensation
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We have carried out the analysis of a coupled stapishveguide using finite difference time
domain method. Resonance between the slab and slot modes resuilighmegative dispersion of
4.8x10 ps/(km-nm) over an FWHM bandwidth of 13 nm at 1538-nm centre wavelength.

Introduction

Silicon based photonic devices have attracted corabbiemterest in integrated optics technology.
Recently slot optical waveguides have received significaatast in silicon photonics because of
their capability of confinement and guiding of light in a low indéot region. Slot waveguides are
attractive for several on-chip applications including bio-sengwolarization rotator, giant
birefringence, and dispersion engineering [1]. Zhamhgale have proposed a dispersive slot
waveguide structure and showed a dispersion of -18pd/(km-nm) [2]. In this paper we propose
a coupled strip-slot configuration that shows 2.5 times larggedsion. The study would be useful
in designing a compact integrated receiver-based dispersimpensator to compensate the
residual dispersion in a fiber link on a per-channel basis.

Numerical Results
The proposed slot waveguide structure in silicon on si€l) material system is shown in Fig. 1.
The slot mode of the structure resonantly couples to the ste rat 1538 nm wavelength. This
results in a high negative dispersion for the symmetric superrabdle structure. The total
dispersion coefficient of the structure has been calculatdohiby difference time domain method
for strip widthd = 258 nm slot width 22 nm and strip-slot separation 500 nm. Figure 2ssthew
dispersion coefficient as a function of wavelength. Wa sae a high negative dispersion of
4.8x10 ps/(km-nm) and an FWHM bandwidth of 13 nm. The magnitude of dispecditained is
more than 2.5 times larger than that reported in Ref. [2].

Fig. 1. Coupledstrip-slot structure with modal field profile  Fig. 2. Total dispersion of the structure

Conclusion

We have designed and numerically analyzed a coupled sébtipyaveguide, which shows an
enormously high negative dispersion. The structure can be used astedegptic dispersion
compensator and linear pulse compressor.
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Low-frequency photonic bands in metallic lattices: a tight-binding description

We study the low-frequency photonic band structures in square and hexagoniad fatieés, by
both numerical and tight-binding approaches. The structures are constructedwopsats of
adjustable structure unities, allowing probing the contribution of differenttsteuconfigurations
to the band formation.

Results

The band structures and evolutions are comparatively investigated sp#cteo local resonances
and their variations following the modulations of the sizes and shaphe sfructure unities. We
show that the lowest frequency bands are formeds-lilge resonance modes sustained by the
structure unities, of which the contributions vary following local structuwdutations, and, under
certain conditions, the second bands (above the first photonic band gaps) act bgrpiéke
modes sustained by the same unities. Faedp bands can both be described in the frame work of
a tight-binding model, allowing band structure analyses in terms ofioredabetween local
resonance modes and their mutual correlations.

# I"# $ I % % %
& & % & % % % ' % %
% &

Conclusion

This work demonstrates that the origin of the low frequency bands and gapme axplicitly

analyzed from the perspective of local structure arrangements, that idetdsoth the local
resonance conditions and their mutual correlation relations. The plagpsamyd the first photonic
band gaps arise naturally from specific local structure patterns. Fronpdims of view, low

frequency light waves in metallic lattices can be compared to tightly bound electswoigls.
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We looked at the equivalence of the self-imagingltibt Effect” in space to the propagation of a terap
comb in a coaxial optical fiber at an appropria@velength. The consequent “Talbot Effect” in timanc
generate a comb of varying periodicity from a gieemb by appropriate choice of the length of therfi

Summary

The Talbot Effect or self-imaging of a periodic apertwis discovered as early as 1836 by Henry Fox
Talbot. A periodic aperture can be represented byrier series and by use of the Fresnel-Kirchhoff
diffraction integral in the paraxial approximatidrcan be seen that the pattern repeats itself aftdtiples

of certain defined distance known as the “Talbonhdid” [1]. We looked for a equivalence in the
propagation of a Gaussian temporal comb in thedomahtal LR, mode of a coaxial optical fiber, defined by

. 26K e .
B:R L A “H,A X UAZ@3JUP F Jat a wavelength (or frequendy,) where the dispersion curve

shows a minima (Fig. 1b). At this wavelength thegargation constantU : fi can be accurately expanded in
a Taylor series expansion abofi retaining only the second order ter L% Z@ . The mathematical

analysis leads to a term similar to that in sel&gimg to show that for a specific combination ofipeicity
of the comb, T, and length ofgh fiber, one can defmm“Talbot Lengh”, Y Le; and its multiples,

where the original input comb is regenerated; &drimediate lengths, combs of different periodiatg
generated [Fig.1(c)]. Fig. 1d shows the intensigriation of the combs as a color contour plot with
propagation distance and time often referred tdratbot Carpet” in space doan. The e ffect can be used to
generate a comb of different periodicity from aggivcomb depending on thentgh of the  coaxial fiber.

—

Fig. 1 (a) Coaxial optical fiber and its modes\fiayiation of Dispersion of the modes with waveldng{c) Intensity
variation of output pulse with time at fractionaltiples of Talbot Length (d) Talbot Carpet.
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We describe how the guiding properties of buried, micro-structured waveguides that can be formed in a lithium
niobate crystal by direct femtosecond laser writing can be optimized for low-loss operation in the mid-infrared
region beyond 3

Summary
Lithium niobate (LINbQ) offers incredible versatility as a substrate for integrated nonlinear optics.
Owing to its robustness and unique exibility, the direct femtosecond (fs) laser inscription method
is one of the most ef®cient techniques for three-dimensional volume micro-structuring of transparent
dielectrics. In crystals, by writing multiple tracks with a slightly reduced refractive index (RI) around
the unmodi®ed volume of material it is possible to produce a depressed-index cladding with the
central volume serving as the core of a waveguide (WG). In this work, we present a practical approach
to the numerical optimization of the guiding properties of depressed-cladding, buried W&siin
LiINbO3 crystals [1]. The approach accounts for both the relationship between track sirel
induced RI contradin, a suitable variation of the track size among different cladding layers, and the
intrinsic losses due to fs laser inscription. The experimentally found dependencieamd!n on
the laser pulse energy were used, which make such parameters correlated if the (sample translation)
inscription speed is ®xed. A natural strategy to extend the spectral range of low-loss operation of
the WG is to allow the track diameter to differ from one ring to another with the exterior rings that
have large tracks. The rate of growth of the track size from the innermost to the outermost ring
was parameterized with a single paramétér 0, so that the track diameter in then-th ring is:

= & +((n 1)=(Nwag DP( as it ), N 2 1, Nuggl, whereN-4qq is the number of
cladding layers, and ;3 and ; are the respective maximum and minimum diameters. Maxwell's
equations were solved using the COMSOL simulation software based on the ®nite element method to
®nd out the complex effective Ri§, of the modes of the structure for the O and E polarization states.
The con®nement losses, i.e., the losses due to the ®nite transverse extent of the con®ning structure,
were computed from the imaginary part of effective RI. The results presented in Fig. 1 reveal that
the spectral region where the con®nement losses in both O and E polarizations are acceptably low
(below 1 dB/cm) can extend up to a wavelength of 3.5for optimized, hexagonal WG structures
with seven rings of tracks. This makes such structures suitable for mid-infrared applications.
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Studies on dipolar interactions in arrays of sub-wavelength
plasmonic nanoparticles
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@) (b) ©) (d)
Fig. 1. (a) Schematic picture of arrayed resonant structusedan surface plasmon resonance; spectral
reflectance characteristics, for the lattice constarf00 nm, and particle diameters (b)Y dl/5; and (c)
d//=1/8. (d) Scattering cross sections of a NP dimer, with resp@uietparticle spacing.
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Analysis of plasmonic slot waveguide couplers in linear and nonkar regimes
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We study the nonlinear waves propagating in symmetric metal slot waveguides with a Kerr-type dielectric
core. We develop two independent semi-analytical models to describe the properties of such waveguides. We
especially show that the dispersion curve of the ®rst asymmetric mode is invariant with respect to the slot width
for high powers and we provide analytical approximations of this curve.

Introduction

The studies of nonlinear waves combining both plasmon and soliton features started in 1980s [1, 2].
The interest in the ®eld started to grow again thanks to the results provided in Ref. [3]. Even if no
experimental demonstration of plasmonzsolitons has been published yet [4], in the mid term, such
states can have several applications, e.g. in nonlinear couplers or in a four wave mixing process.
The structure studied in Ref. [3] is a nonlinear dielectric core surrounded by two semi-in®nite metal
regions. It will be called here the nonlinear slot waveguide (NSW). Recently, some stationary waves
in such waveguides with a Kerr-type focusing nonlinear core were studied in details [5, 6]. It has
been shown that symmetric, antisymmetric and asymmetric plasmonzxsolitons can propagate in the
NSW. The asymmetric nonlinear mode appears from the symmetric one through a symmetry-breaking
bifurcation at a critical power. This bifurcation phenomenon has already been described in several
nonlinear waveguides as early as in the eighties.

Methods

Using Maxwell's equations and a simple description of the optical Kerr effect to study NSW, we
developed a simpli®ed semi-analytical model, where ®eld shapes in the core are described by the
Jacobi elliptic special functions. We also developed an exact approach where the ®eld shapes in the
core are found with the aid of direct integration of Maxwell's equations.

Results

Qualitatively the results of the simpli®ed, but analytical approach and the exact approach are the same.
We present a number of previously unknown higher order symmetric, antisymmetric and asymmetric
modes in the NSW. The dispersion curves and the ®eld shapes for these modes are obtained for the
®rst time. Both our models predict the bifurcation of asymmetric modes from the symmetric node-less
modes. We show that the bifurcation occurs not only for the ®rst but also for higher order nonlinear
modes. We show that the ®rst nonlinear asymmetric mode dispersion curves have invariant parts with
respect to the core width, and we describe these parts using analytical formula.
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Abstract: Cavity-resonator-integrated guided-mode resonétiees (CRIGFs) are promising structures that affa
very fine spectral width less than 0.3 nm. Yet they difficult to rigorously model due to theirdarlength more than
100 wavelengths. We show how the RCWA method camsbd to simulate the CRIGF response efficiently.

CRIGF structure and method

Studies we conduct are focused on a new kind ain@# grating, called CRIGFs. CRIGFs were
introduced in 2011 and are composed by a guidedemesbnance filter (GMRF) integrated between two
distributed Bragg reflectors (DBR) (see Fig. 12]1,The GMRF is a subwavelength grating with period
and the DBR period id/2. The length of the GMRF section is around 15 el@vgths and each DBR has a
70 wavelengths length. On each side of the GMRFinserted a phase section to optimize the reflegtiv
of the CRIGF. The advantage of this structure aspared to periodic resonant gratings is that watera
localized mode in the GMRF, due to the reflecttinat can be excited by a Gaussian beam focuseldeon t
GMRF. Contrary to periodic resonant gratings, CRiGRve a greater angular tolerance.
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Vertical Mode Expansion Method for Diffraction of Light by Biperiodic
Circular Cylindrical Structures

Xun Lu, Hualiang Shi, Ya Yan Lu

Department of Mathematics, City University of Hong Kong, Kowloon, Hémag
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For biperiodic structures with circular cylindrical inclusions, we presemertical mode expansion method
based on expanding the ®eld in 1D vertical modes. The method is an altetodtie Fourier modal method.

Introduction

For analyzing crossed gratings or other biperiodic stmestuthe Fourier modal method (FMM) is
suitable if the structure consists of one or more layers @/leach layer is invariant in the vertical
direction (assuming the structure is periodic in the hariabxy plane). However, the FMM requires
2D modes which are expensive to calculate. We present @&a&kentiode expansion method (VMEM)
which expands the ®eld in 1D modes which are functiorzs ®he VMEM has been used in previous
works for different applications [1, 2, 3]. We extend the VMEo structures with a biperiodic array
of circular cylindrical inclusions for plane incident wavgiven in the media above or below the
structure.

Method and results

Let be the horizontal cross section of one period of the bip@ristiucture, and let be divided into

a circular disk ; and its exterior  (separated by the circle). The VMEM consists of following
steps: (1) truncate by PMLs and calculate the TE and TM modes for the two vertical®tes
corresponding to o and 1; (2) calculate the Dirictlet-to-Neumann (DtN) maps orfior 2D scalar
Helmholtz equations in g and ; corresponding to each vertical modes; (3) expand the ®sgidiein
and outside the circular cylinder and match the ®eld on theakwall of the cylinder. As the total
®eld is not outgoing and is inconsistent with PMLs, the @glonly expanded after a 1D solution
(related to the incident wave) is ®rst subtracted.

As in [4], we consider a photonic crystal slab with a squatticka (lattice constard) of circular holes
(radius0:2a), where the slab thickness(@sba and the dielectric constant of the slab is 12. Assuming
the slab is parallel to they plane, we use the VMEM to calculate the transmission spectar a
normal incident plane wave. The results shown in the ®guosviegree well with those of [4].
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Normalized frequency (2pc/a)
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The scattering properties of plasmonic nanostrestarranged in 2D periodic arrays are analyzedxby e
panding their response into perfectly emitting abdorbing modes. It is shown that the frequendi¢base
modes determine the shape of reflection and trasssom spectra in the same way as the positiongiot-p
like charges determine the electric field arourelrih

Introduction

Plasmonic nanostructures offer an unique abilityetgineer the optical properties at the scale
which is smaller than the wavelength of light. Theme often fabricated as arrays of scatterers
periodically arranged on a surface. The profil¢hef scatterers can be made in the form of splg-rin

resonators, dolmen-like structures or various oligos to control the coupling between different

resonances and to observe such effects as elegmetizally induced transparency, absorption, etc.

Summary

We show that the scattering spectra for all of these structures cdesbebed by analytical for-
mulas. Our approach is based on the ability to edphe frequency response of nanostructures into
perfectly emitting and absorbing modes [1,2]. Thaseles exist in the domain of complex frequen-
cies and create similar singularities as the pasiéind negative electric charges in 2D space. It is
the analogy with electrostatics that helps to ustded the interaction between multiple resonances
better and to explain various resonant effects [2].
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In this work, we derive the polarization tensorsrafgneto-electric metallic antennas when illumiddig a
plane wave and highlight the importance of the ipalar contributions of the coupling with the incite
field, even for metallic particles of siz&{0).

Introduction
The derivation of the polarizability tensor of metallic particles is ofi igerest for studying their
optical properties or designing optical antennas.

Summary
We first show that the classical expression of @dipmoments:
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Coherent “Perfect' Absorption (CPA) corresponds tiundamental upper bound of the absorption cross
section,s.ps 3l 7/8p. CPA constrains the absorber permittivity to sfieaialues, but these values can be
found in a few materials at certain wavelengthdasigned as effective parameters at any wavelength.

Introduction
Electromagnetic hot spots can be produced in aetyaof structured nano-materials. Coherent
"Perfect' Absorbers (CPA) provide a means to effity transform electromagnetic energy of these
hot spots into another for(joule heat, photo-electric, fluorescent®).
Results
We show that CPA satisfies a fundamental upper thoninthe absorption cross sectiosads

31 %/8p for a dipole channel), and that it constrains tleenpttivity of the absorber to discrete
values that can be determined via Weierstrassraatimn!®? As an example, we plot in Fig.1, the
required CPA permittivity for the electric dipoleonte in a spherical scatterer as a function of the
particle's size parametdsa wherek is the host medium wavenumber, anithe particle radius.

Fig. 1. Permittivity required for electric dipole CPA asuamction of the size parametea

We also derive and present new analytic approxonatihat can be used to approximate the CPA
conditions and which aid in determining the requireffective media properties of designed
materials.

Summary

We describe the underlying physics of the CPA phesmn and show that it can be achieved
using realistic material®lew approximate formulas based on the exact Wesssstlecomposition method
are introduced to facilitate the CPA designs a¢isally arbitrary frequencies.
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We demonstrate experimentally and theoretically that the energy radiated by an electric dipole can be emitted
either toward the forward or the backward direction, by controlling either the emission frequency or the emitter-
to-particle distance.

Introduction

It was recently showed that dielectric particles of moderate refractive index exhibiting electric and
magnetic modes can satisfy the so-called Kerker's conditions that lead to complete forward scattering
or strong the backward scattering depending on the frequency of the incident plane wave [1, 2]. These
conditions were recently extended to the case of near ®eld excitation and it was demonstrated that this
novel class of electric and magnetic resonant scatterers offer higher gains in directivity than classical
electric or magnetic resonant particles [3].

Results

We propose to design a hybrid electric-magnetic dielectric antenna, sub-wavelength in size, composed
by a single spherical scatterer exhibiting a very moderate refractive mdeX:45, that we character-

ize in a anechoic in radio frequencies. This refractive index can be observed with many materials in a
wide range of frequencies, but more importantly, it leads to a broadening of the Mie resonances which
allows a coupling between the dipole emitter with the electric and magnetic dipolar and quadrupolar
modes in the dielectric resonator. We show that this interplay between this different modes allows to
control the emission direction by tuning either the emission frequency [4], or the emitter-to-particle
distance.
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Polarization-dependent spectra of photonic crystal with anisotropic plasonic
defect layer
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Polarization-dependent features appearing when the electromagnetic wave tisdréften and transmitted
through a 1D photonic crystal with a defect layer formed by nonspherical metapantdcles are
theoretically studied.

The composite material with uniformly oriented elongated metal nanoparticles behaves like a
dichroic crystal. In this work the possibility of using plasmonic hanocomposite with nonspherical
metal inclusionsas a tuning defect in a photonic crystal (PC) is considered and the features of the
behavior of electromagnetic eigenmodes in an atrtificial layered periodic structure with a finite
number of periods and a plasmonic defect are analyzed.

It is shown that the presence of a plasmonic composite layer creates additional resolved levels in
forbidden zones of the nondefective artificial layered periodic structures (by analogy with additional
resolved levels in solids), which correspond to localized modes associated with the defect. By
combining different types of defects and their positions in the structure as well as selecting the
material, it is possible to efficiently control the optical properties of PC. According to Fig. 1,
reflection and transmission spectra of the defective layered periodic structure exhibits high
polarization contrast. For radiation of the region near the spectral line of the defect mode, this PC
absorbs the light polarized parallel to the long axis of spheroids, and for the light polarizesl parall
to the short axis of spheroids the structure is transparent.

Wavelength, nm Wavelength, nm

Fig. 1. Polarization-dependent spectral reflectaR@nd transmittanc€ of the defective layered periodic
structure for the light polarized parallel to the long axis of spheroidg(t##) or to the short axis of
spheroidgright plots). The computational parameters: volume concentration of nanoparticles etigls 5-
the ratio of the length of polar semi-axis and equatorial semi-axis of spheroids equals 3.

This work was supported by the Ministry of Education of the Russian Federation.
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Controlling interface reflectance by plasmonic composite structure

S. Moiseev?’
'Ulyanovsk State University, Ulyanovsk, Russia
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Russia
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The possibility of using continuous and discontinuous nanocomposites with nonsphetalahclusions as
anti-reflection coatings is theoretically studied.

Nanocomposites with extraordinary electromagnetic properties can find a variepfichtgns, in
particular for manufacturing nonreflecting (absorptive) materials, controlling the optical beam
intensity and propagation direction, etc. In this work, a detailed theoretical investigation of optical
properties of a matrix metal-dielectric medium with nonspherical metal inclusions is performed, and
the possibility to realize functional structures with beneficial effects in the visible region is
considered.

The dependence of optical properties of the continuous composite with spheroidal metal
nanoparticles randomly distributed over the whole matrix volume on the geometric (shape and
concentration of nanoparticles) and material (permittivities of the matrix and metal nanoparticles)
parameters are calculated within the effective-medium approximation. Discontinuous
nanocomposite structure is considered to be formed by one, two, or more monolayers of uniformly
oriented metal nanoparticles of nonspherical form suspended in a continuous media. In order to
calculate the coefficients of the direct light transmission and specular reflection for a stackk made o
monolayers, we combine the quasi-crystalline approximation applied for calculations of the
transmission properties of individual monolayers, with the transfer-matrix technique used for
subsequent calculations of the transmission properties of multilayer structures.

The results of calculation show that composite medium with nonspherical metal inclusions can
be used as anti-reflection (anti-glare) coating. Metal nanoparticles incorporated in the anti-reflection
coating significantly reduce the Fresnel reflection in some spectral range due to a destructi
interference effect (as shown at Fig. 1). Constructively, anti-reflection coatingrapegsent a
microscopic region in the optical medium (in a prism, optical fiber, integrated waveguide, etc.)
doped with metal nanopatrticles.

R T

Wavelength, nm Wavelength, nm

Fig. 1. Calculated reflectand® and transmittancé of the anti-reflective coatings for normal incidence of
light. Red lines correspond to the case of continuous composite with spheroidal silver tidespareen
lines correspond to the case of single monolayer of cylindrical silver nanopartisdeeflectance and
transmittance of the substrate are shown for comparison by black lines.

This work was supported by the Ministry of Education of the Russian Federation.
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