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Following the spirit initiated by the 1st Conferencia Espafiola de Nanofotonica, held in Tarragona in 2008, we
launch the 2nd edition that will be conducted in Segovia during 15-18 June 2010. The Conference aims to gather
all the groups carrying out research in Nanophotonics in Spain (as well as somewhere else with interest in the
research in Nanophotonics performed here). It intends to spread the research results achieved by all the different
Spanish groups and to promote the establishment or reinforcement of contacts between them, as a mean to help
the community to become more visible and dynamic.

The Conference technical program aspires to address a wide area of research related to nanophotonics,
metamaterials and subwavelength optics. Topics will include all aspects of the research, ranging from
fundamental science to nanofabrication or applications.

The Conference will be organized in thematic sessions composed of plenary invited talks and contributed
scientific communications (oral and poster).

The meeting will be structured in the following thematic lines, but interactions among them will be
promoted:

1. Photonic materials and photonic bandgap structures
2. Plasmonics and extraordinary transmission

3. Metamaterials -
4. Near field optics (only Poster Session) CE NE 0 1 0

5. Nanophotonics applications

Moreover, during the Conference five “Special Topical Meetings” will be organised, where researchers and
students will have the opportunity to meet and discuss around a specific topic that shows a high strategic
interest or a big development capability for Nanophotonics. A Moderator will take charge of each Special Topical
Meeting, making a brief introduction on the state of the art of the topic, and then conducting the subsequent
debate. The Special Topics chosen and their Moderators are:

* Nanophotonics for solar cells: Lluis Marsal (URV, Tarragona)

* Nanophotonics for sensors and biosensors: Andreu Llobera and Cesar Fernandez (IMB-CNM,
Barcelona)

* Nanophotonics for bio-applications and bio-imaging: Carlo Manzo (IBEC, Barcelona)

* Nanophotonics for Terahertz optics and devices: Mario Sorolla (UPNA, Pamplona)

* Nanophotonics for integrated and quantum optics: Benito Alen (IMM-CNM, Madrid)

Finally, thanks must be directed to the staff of all organising institutions whose hard work has helped the smooth
organisation and planning of this conference.

THE ORGANISING COMMITTEE
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CEN2010 Exhibitors
@ Iberlaser, s.a.

Electro-Optica Cientifica e Industrial
Instrumentacion y Laseres

Iberlaser was setup in 1993, and is based in Madrid-Spain. Our principal mission statement is provide research
Spanish market with the novel instrumentation and highly qualified servicing .
Our lines of products include:

Bio-technology: Complete Microscopy solutions.

Laser Technology. CW and Pulsed lasers covering the range UV-VIS-IR

Low light Imaging: High performance digital cameras and imaging software packages

Solar Simulators and illumination sources

Spectroscopy: Spectrographs and detectors. Time resolved and steady state fluorimeters.

Surface chemistry: Interface Analysis, Dip coaters, Monolayers preparation and characterization. Microbalance
QCM.

Contact us:

Web: www.iberlaser.es

Email: info@iberlaser.com

Tel: 91 658 67 60 Fax: 91 654 17 00

Avda. Pirineos, 7 - Oficina 2-8b

28700 San Sebastian de los Reyes (Madrid) SPAIN

1e FUTURE oF PHOTONICS

Laser 2000 is the expert distributor devoted solely to optics and photonics. Target markets are Science and
Research, Biotechnology and Healthcare, Energy and Photovoltaics, Image processing, Security, Defence and
Space, Light and Colour Measurements, Industry,...

We help innovative and quality manufacturers making their products wide known; we help customers from our
technical knowledge, support and advice, making them aware of those products. Key ones are:

- Lasers (DPSS, diode, fibre, deep UV to mid-IR, SLM,...)

- LEDs, broadband and flourescence sources

- Detectors, power and energy measurement, beam analysis
- Spectrometers and spectroradiometers

- Imaging, light and colour measurement

- Optomechanics, positioning and motion control

We are present in the whole of Western Europe and active in Spain and Portugal since October 2006

Contact us:

Web: www.laser2000.es

Email: juanluis@laser2000.es

Tel: +34 650 529 806 Fax: +34 976 299 150
Laser 2000, Sales office Iberia

¢/ Doctor Palomar 28, 1°A

50002 - Zaragoza, SPAIN
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TECNOLOGIA DE PRECISION

MTB Spain, founded in October 1993, distributes and provides after sales service for leading manufacturers in the
field of Spectroscopy, Lasers, Metrology and Surface Analysis Instrumentation.

MTB Spectroscopy and Lasers division is the exclusive distributor of the following companies:

1. Horiba Jobin Yvon, world wide leader in Raman Spectrometers, Micro-Raman and combined FT-IR —
Raman Spectrometers, Fluorometers, Elipsometers, CCD’s & ICCD’s, Monochromators and Gratings.

2. JDSU, one of the major manufacturers of Diode Lasers

3. EKSPLA, European manufacturer of Solid State Lasers (Diode Pumped, OPO) and ns / ps Lasers for
scientific applications.

4. Sacher Lasertechnik, leader in Littman/Metcalf and Littrow cavities Lasers, suitable for Raman,
Fluorescence and Absorption Spectroscopy and atom cooling and trapping.

MTB Image, Test & Measurement division distributes FRT — Fries Research & Technology, leader in optical
surface characterisation from the same sample location, using Multi Sensor Metrology. Between the most used
sensors are Chromatic White Light, Confocal Microscope, White Light Interferometer, Thin Film Reflectometer and
AFM - Atomic Force Microscope.

MTB not only provides equipments but also complete solutions for specific applications, combining different
analysis techniques such as Raman, TCSPC Fluorescence, AFM, SNOM, TERS and Photoluminescence.

Contact us:

Web: www.mtb.es

Sandrine Grenet

Division Laser y Espectroscopia

M. T. BRANDAO ESPANA, S.L.

Ronda de Poniente, 12, 1°, A

28760 TRES CANTOS (Madrid) SPAIN
Tel. +34 918 062 240

Fax +34 918 031 536
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SCIENTIFIC PROGRAMME
Tuesday June 15, 2010

09h:30-13:30

Nanomagma Short Training Course
Confirmed Professors

Remi Carminati (ESPCI, France)

Alfonso Cebollada (IMM-CSIC, Spain)
F.J. Garcia-Vidal (UAM, Spain)

Antonio Garcia-Martin (IMM-CSIC, Spain)
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Short Training Course
June 15, 2010
Segovia (Spain)

13h30-15h10

| Registration CEN2010

(Session: Nanophotonic Applications) - Chairman: Lluis Marsal (Universitat Rovira i Virgili, Spain)

15h15-15n30

Opening — Welcome

15h30-16h10

Claude Weisbuch (Ecole Polytechnique, France) | I

"Improvements in Light Emitters by Controlling Spontaneous Emission: From

P LED:s to Biochips"

16h10-16h30 Elisabet Xifre Perez (Centro de Tecnologias Fisicas, CSIC-ICMM/UPV, Spain) | ©)
p. "Add-drop filter based on silicon spherical microcavities"

16h30-16h50 Nicolas Large (CSIC-UPV/EHU and DIPC, Spain) | ©)

"Photoconductively loaded plasmonic nanoantennas as a building block for ultracompact

P optical switches"

16h50-17h10 Rafael Betancur (ICFO, Spain) | ©)
p. "Optical control of the exciton diffusion length in organic solar cells"

17h10-17h30 Roberto Fenollosa (Univ. Politecnica de Valencia - CSIC, Spain) | O
D "Photoluminescence and Aging Efects in Photonic Microcavities Based on Porous Silicon

Microspheres”

17h30-18h00

Coffee Break — Poster Session & Instrument Exhibition

(Session: Nanophotonic Applications) - Chairman: Antonio Garcia-Martin (IMM-CNM-CSIC, Spain)

18h00-18h20 | Juan Jose Saenz (UAM, Spain) | O
p. "Nanoparticle Dynamics in Non-Conservative Optical Vortex Fields"
18h20-18h40 Maria Mendez (Universitat Rovira i Virgili, Spain) | O
"Eu3+:La203 nanoparticles dispersed into P3HT as a down converter material for exploiting
P the solar spectrum”
18h40-19h00 | Mauricio Moreno (University of Barcelona, Spain) | O
p. "Theoretical Study of Colorimetric Resonant Structures for Biosensing Applications”
19h00-19h20 | Daniel Hill (KTH, Sweden) | O
"A highly integrated optical sensor for point of care label free indentification of pathogenic
P bacteria strains and their antibiotic resistance"
21:00 | Welcome reception




SCIENTIFIC PROGRAMME
Wednesday June 16, 2010

(Session: Plasmonics) - Chairman: Jose A. Sanchez-Gil (Instituto de Estructura de la Materia - CSIC, Spain)

09h00-09h40

Anatoly V. Zayats (The Queen's University of Belfast, UK)

p. "New trends in plasmonic nanophotonics"
09h40-10h00 Diana Martin Becerra (IMM-CNM-CSIC, Spain) | O
p. "Tailoring the modulation depth in Au/Co/Au magnetoplasmonic switches"
10h00-10h20 Esteban Moreno (UAM, Spain) | O
p. "Domino plasmons for subwavelength terahertz circuitry”
10h20-10h40 Olalla Perez-Gonzalez (UPV/EHU-CSIC, Spain) | @)
p. "Optical spectroscopy of conductive molecular junctions in plasmonic cavities"
10h40-11h00 Vicent Reboud (ICN-CIN2, Spain) | O
"Enhanced photoluminescence in printed 2D polymer photonic structures via surface
P plasmon enhancement”
11h00-11h30 Coffee Break — Poster Session & Instrument Exhibition
(Session: Plasmonics) - Chairman: Fernando Moreno (Universidad de Cantabria, Spain)
11h30-11h50 Antonio Garcia Martin (IMM-CNM-CSIC, Spain) | 6]
p. "Plasmon-Induced Magneto-Optical Activity in Nanosized Gold Disks"
11h50-12h10 Rogelio Rodriguez-Oliveros (Instituto de Estructura de la Materia - CSIC, Spain) | 6]
"Plasmon Optical Nanoantennas: Characterization, Design, and Applications in
P Nanophotonics"
12h10-12h30 Francisco Javier Valdivia (ICMM - CSIC, Spain) | O
"Light transport by sets and chains of Mie resonances: whispering gallery modes and
P localized plasmons. Effects on extraordinary transmission”
12h30-12h50 Sol Carretero-Palacios (Universidad de Zaragoza, Spain) | O
p. "Localized Extraordinary Optical Transmission through sub-wavelength apertures”
12h50-13h10 Mario Sorolla (Universidad Publica de Navarra, Spain) | O
p. "Study of terahertz extraordinary transmission resonances depending on polarization”
13h10-13h30 Alejandro Manjavacas (Instituto de Optica - CSIC, Spain) | O
p. "Vacuum and thermal friction in rotating particles"
13h30-15h30 Lunch
15h30-17h30 Poster Session & Instrument Exhibition
17h30-18h00 Coffee Break — Poster Session & Instrument Exhibition
(Session: Plasmonics) - Chairman: Maria Ujue Gonzalez (IMM-CNM-CSIC, Spain)
18h00-18h40 Kurt Busch (Karlsruhe University, Germany) | |
p. "Advanced material models for nano-plasmonic systems"
18h40-19h00 Christin David (Instituto de Optica - CSIC, Spain) | O
p. "Spatial Nonlocality in the Optical Response of Metal Nanoparticles"
19h00-19h20 Es;?rell) Abargues Lopez (Materials Science Institute of the University of Valencia, o
p. "Ag-polymer nanocomposites for LSPR sensing"
19h20-19h40 Pablo Albella (CSIC-DIPC, Spain) | O
"Plasmonics with new materials: Gallium. A comparison between experiment and a
P numerical model based on the Discrete Dipole Approximation (DDA)"
19h40-20h00 Pablo Alonso-Gonzalez (CIC nanoGUNE, Spain) | O
p. "Phononic antennas”
Conference Dinner
21h30 Restaurant “Jose Maria”

Calle del Cronista Lecea, 11 (Segovia)




SCIENTIFIC PROGRAMME
Thursday June 17, 2010

09h00-10h20 | Meeting “Building bridges for a stronger (all inclusive) Photonics in Spain”

(Session: Metamaterials) - Chairman: Alvaro Blanco (ICMM-CSIC, Spain)

10h20-11h00 | Stefan Linden (Universitat Bonn, Germany) |
p. "Recent Progress on Photonic Metamaterials"
11h00-11h20 | Marco Leonetti (ICMM-CSIC, Spain) | O
p. "Optical gain in DNA-DCM for lasing in photonic materials"
11h20-11h40 Poster Session - Coffee Break & Instrument Exhibition
Juan Luis Garcia-Pomar (Fraunhofer Institute for Physical Measurement
11h40-12h00 Techniques IPM, Germany) o
p. “Nonlinearity caused by local field effects between a two level system and a metamaterial”
12h00-12h20 | Jose Sanchez-Dehesa (Universidad Politecnica de Valencia, Spain) | ©)
p. "Anisotropic behavior of two-dimensional photonic crystals in the homogenization limit"
Special Topical Meetings
Nanophotonics for solar cells: Lluis Marsal (URV, Tarragona)
Nanophotonics for sensors and biosensors: Andreu Llobera and Cesar Fernandez (IMB-
12h30-13h30 | CNM, Barcelona)
Nanophotonics for bio-applications and bio-imaging: Carlo Monzo (IBEC, Barcelona)
Nanophotonics for Terahertz optics and devices: Mario Sorolla (UPNA, Pamplona)
Nanophotonics for integrated and quantum optics: Benito Alen (IMM, Madrid)
13h30-15h30 Lunch
15h30-17h30 Poster Session & Instrument Exhibition
17h30-18h00 Coffee Break — Poster Session & Instrument Exhibition
(Session: Nanophotonic Applications) - Chairman: Juan Jose Saenz (UAM, Spain)
18h00-18h20 | Johannes Stiegler (CIC nanoGUNE Consolider, Spain) | O
"Nanoscale Free-Carrier Profiling of Individual Semiconductor Nanowires by Infrared Near-
P Field Plasmon Resonance Spectroscopy”
18h20-18h40 Gu_illerrr_w Muﬁoz—Mat_utano (_Instituto de Ciencias de los Materiales de la o
Universitat de Valencia, Spain)
“Micro-photoluminiscence from InAs/GaAs quantum dot pairs and molecules
P grown by droplet epitaxy"
18h40-19h00 | M2 Dolores Martin Fernandez (UAM, Spain) | O
p. "Exciton emission dynamics of single-photon emitters based on InP/(Ga, In) P quantum dots"
19h00-19h20 | Alexey Nikitin (Universidad de Zaragoza, Spain) | O
p. “Norton waves in Plasmonics"
19h20-19h40 | Manfred Niehus (Instituto de Telecomunicagoes - Polo Aveiro, Portugal) | O
p. "Dispersion engineered tapered fiber photonic nanowires"
19h40-20h00 | Blas Garrido (University of Barcelona, Spain) | O
p. "Toward the realization of an efficient Si-based light source emitting at 1.55 um"




SCIENTIFIC PROGRAMME
. FridayJune18,2010

(Session: Photonic Materials and Photonic Bandgap Structures) - Chairman: Pablo Sanchis (Universidad

Politécnica de Valencia, Spain)

09n00-09h40

Christian Seassal (Universite de Lyon & INL, France) |

p. "Slow light in photonic crystals for photovoltaics"
09h40-10h00 Ibon Alonso Villanueva (Tekniker, Spain) | O
p. "Organic second-order distributed feedback lasers fabricated by nanoimprint lithography"
10h00-10h20 Gabriel S. Lozano Barbero (ICMSE-CSIC, Spain) | O
"Towards a full understanding of the growth dynamics, optical response and crystalline
P- structure of self-assembled photonic colloidal crystal films"
10h20-10h40 Juan F? Galisteo Lopez (ICMM-CSIC, Spain) | @)
D "Enhanced emission in self-assembled photonic crystals by hybrid photonic-plasmonic
' modes”
10h40-11h00 Pablo Aitor Postigo (IMM-CNM-CSIC, Spain) | O
D "Fabrication of two dimensional photonic crystal micro and nanocavities: from ultra low

threshold lasers to solid-state quantum light emitters”

11h00-11h30

Coffee Break — Poster Session & Instrument Exhibition

(Session: Photoni

¢ Materials and Photonic Bandgap Structures) - Chairman: Juan Galisteo (ICMM-CSIC,
Spain)

Fernando Ramiro Manzano (Centro de Tecnologias Fisicas, Unidad Asociada
11h30-11h50 CSIC-ICMM/UPV, Spain) O
p. "Influence of Corrugated Surfaces Templates in Colloidal Crystal Thin Films Growth"
11h50-12h10 Francesc Diaz (Universitat Rovirai Virgili, Spain) | O
"Exploring the possibilities of fabrication of photonic crystals on inorganic materials with non-
P linear optical and laser properties”
12h10-12h30 Daniel Navarro-Urrios (MIND-IN2UB - Universitat de Barcelona, Spain) | O
"Whispering gallery mode optical characterization on Si rich Si3N4 active microdisk
P- resonators”
Javier Garcia Castello (Nanophotonics Technology Center - Universidad
12h30-12h50 Politecnica de Valencia, Spain) O
p. "Photonic crystal waveguide sensor for low concentration DNA detection”
Pablo Sanchis Kilders (Valencia Nanophotonics Technology Center,
12h50-13h10 Universidad Politecnica de Valencia, Spain) O
p. "Slow wave and resonator structures to enhance silicon photonic modulator performance”

13h10-13h30

Concluding Remarks
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Invited Contributions (Index)

Kurt Busch (Karlsruhe University, Germany)

"Advanced material models for nano-plasmonic systems"

Stefan Linden (Universitat Bonn, Germany)

"Recent Progress on Photonic Metamaterials"

Christian Seassal (Universite de Lyon, INL - Institut des Nanotechnologies de Lyon, France)

"Slow light in photonic crystals for photovoltaics"

Claude Weishuch (Ecole Polytechnique, France)

"The Physics of Photonic Crystals LEDs"

Anatoly V. Zayats (The Queen's University of Belfast, United Kingdom)

"New trends in plasmonic nanophotonics”







Oral Contributions (Index)

Rafael Abargues Lopez (Materials Science Institute of the University of Valencia,
Spain)

"Ag-polymer nanocomposites for LSPR sensing"

Pablo Albella (CSIC - DIPC, Spain)

"Plasmonics with new materials: Gallium. A comparison between experiment and a
numerical model based on the Discrete Dipole Approximation (DDA)"

Ibon Alonso Villanueva (Tekniker, Spain)

"Organic second-order distributed feedback lasers fabricated by nanoimprint
lithography"

Pablo Alonso-Gonzalez (CIC Nanogune, Spain)

"Phononic antennas"

Rafael Betancur (ICFO, Spain)

"Optical control of the exciton diffusion length in organic solar cells"

Sol Carretero-Palacios (Universidad de Zaragoza, Spain)

"Localized Extraordinary Optical Transmission through sub-wavelength apertures”

Christin David (Instituto de Optica - CSIC, Spain)

"Spatial Nonlocality in the Optical Response of Metal Nanopatrticles"

Francesc Diaz (Universitat Rovira i Virgili, Spain)

"Exploring the possibilities of fabrication of photonic crystals on inorganic materials
with non-linear optical and laser properties”

Roberto Fenollosa (Univ. Politecnica de Valencia - CSIC, Spain)

"Photoluminescence and Aging Efects in Photonic Microcavities Based on Porous
Silicon Microspheres”

Juan Francisco Galisteo Lopez (ICMM-CSIC, Spain)

"Enhanced emission in self-assembled photonic crystals by hybrid photonic-
plasmonic modes”

Javier Garcia Castello (Nanophotonics Technology Center - Universidad Politecnica
de Valencia, Spain)

"Photonic crystal waveguide sensor for low concentration DNA detection”

Antonio Garcia-Martin (IMM-CNM-CSIC, Spain)

"Plasmon-Induced Magneto-Optical Activity in Nanosized Gold Disks"

Juan Luis Garcia-Pomar (Fraunhofer Inst. for Physical Measurement Techniques
IPM, Germany)

"Nonlinearity caused by local field effects between a two level system and a
metamaterial”

Blas Garrido (University of Barcelona, Spain)

"Toward the realization of an efficient Si-based light source emitting at 1.55 ym"

Daniel Hill (KTH, Sweden)

"A highly integrated optical sensor for point of care label free indentification of
pathogenic bacteria strains and their antibiotic resistance"




Nicolas Large (Centro de Fisica de Materiales CSIC-UPV/EHU and DIPC, Spain)

"Photoconductively loaded plasmonic nanoantennas as a building block for
ultracompact optical switches"

Marco Leonetti (ICMM-CSIC, Spain)

"Optical gain in DNA-DCM for lasing in photonic materials"

Gabriel S. Lozano Barbero (ICMSE-CSIC, Spain)

"Towards a full understanding of the growth dynamics, optical response and
crystalline structure of self-assembled photonic colloidal crystal films"

Alejandro Manjavacas (Instituto de Optica - CSIC, Spain)

"Vacuum and thermal friction in rotating particles"

Diana Martin Becerra (IMM-CNM-CSIC, Spain)

"Tailoring the modulation depth in Au/Co/Au magnetoplasmonic switches"

Maria Dolores Martin Fernandez (Universidad Autonoma de Madrid, Spain)

"Exciton emission dynamics of single-photon emitters based on InP/(Ga, In) P
quantum dots"

Maria Mendez (Universitat Rovira i Virgili, Spain)

"Eu3+:La203 nanoparticles dispersed into P3HT as a down converter material for
exploiting the solar spectrum”

Mauricio Moreno (University of Barcelona, Spain)

"Theoretical Study of Colorimetric Resonant Structures for Biosensing Applications”

Esteban Moreno (Universidad Autonoma de Madrid, Spain)

"Domino plasmons for subwavelength terahertz circuitry”

Guillermo Mufioz-Matutano (Instituto de Ciencias de los Materiales de la Universitat
de Valencia, Spain)

"Micro-photoluminiscence from InAs/GaAs quantum dot pairs and molecules grown
by droplet epitaxy"

Daniel Navarro-Urrios (MIND-IN2UB - Universitat de Barcelona, Spain)

"Whispering gallery mode optical characterization on Si rich Si3N4 active microdisk
resonators”

Manfred Niehus (Instituto de Telecomunicacgoes - Polo Aveiro, Portugal)

"Dispersion engineered tapered fiber photonic nanowires"

Alexey Nikitin (Universidad de Zaragoza, Spain)

"Norton waves in Plasmonics"

Olalla Perez-Gonzalez (UPV/EHU - DIPC, Spain)

"Optical spectroscopy of conductive molecular junctions in plasmonic cavities"

Pablo Aitor Postigo (IMM-CNM-CSIC, Spain)

"Fabrication of two dimensional photonic crystal micro and nanocavities: from ultra
low threshold lasers to solid-state quantum light emitters”




Fernando Ramiro Manzano (Centro de Tecnologias Fisicas, Unidad Asociada CSIC-
ICMM/UPV, Spain)

"Influence of Corrugated Surfaces Templates in Colloidal Crystal Thin Films Growth"

Vincent Reboud (Catalan Institute of Nanotechnology and (ICN-CINZ2), Spain)

"Enhanced photoluminescence in printed 2D polymer photonic structures via surface
plasmon enhancement”

Rogelio Rodriguez-Oliveros (Instituto de Estructura de la Materia - CSIC, Spain)

"Plasmon Optical Nanoantennas: Characterization, Design, and Applications in
Nanophotonics"

Juan Jose Saenz (Universidad Autonoma de Madrid, Spain)

"Nanoparticle Dynamics in Non-Conservative Optical Vortex Fields"

Jose Sanchez-Dehesa (Universidad Politecnica de Valencia, Spain)

"Anisotropic behavior of two-dimensional photonic crystals in the homogenization
limit"

Pablo Sanchis Kilders (Valencia Nanophotonics Technology Center, Universidad
Politecnica de Valencia, Spain)

"Slow wave and resonator structures to enhance silicon photonic modulator
performance”

Mario Sorolla (Universidad Publica de Navarra, Spain)

"Study of terahertz extraordinary transmission resonances depending on polarization”

Johannes Stiegler (CIC nanoGUNE Consolider, Spain)

"Nanoscale Free-Carrier Profiling of Individual Semiconductor Nanowires by Infrared
Near-Field Plasmon Resonance Spectroscopy”

Francisco Javier Valdivia (ICMM-CSIC, Spain)

"Light transport by sets and chains of Mie resonances: whispering gallery modes and
localized plasmons. Effects on extraordinary transmission”

Elisabet Xifre Perez (Centro de Tecnologias Fisicas, Unidad Asociada CSIC-
ICMM/UPV, Spain)

"Add-drop filter based on silicon spherical microcavities"







Alphabetical Order

Rafael Abargues Lopez (Materials Science Institute of the ORAL
University of Valencia, Spain)

"Ag-polymer nanocomposites for LSPR sensing"

Pablo Albella (CSIC - DIPC, Spain) | ORAL

"Plasmonics with new materials: Gallium. A comparison between experiment and a
numerical model based on the Discrete Dipole Approximation (DDA)"

Ibon Alonso Villanueva (Tekniker, Spain) | ORAL

"Organic second-order distributed feedback lasers fabricated by nanoimprint
lithography"

Pablo Alonso-Gonzalez (CIC Nanogune, Spain) | ORAL

"Phononic antennas"

Rafael Betancur (ICFO, Spain) | ORAL

"Optical control of the exciton diffusion length in organic solar cells"

Kurt Busch (Karlsruhe University, Germany) | INVITED

"Advanced material models for nano-plasmonic systems"

Sol Carretero-Palacios (Universidad de Zaragoza, Spain) | ORAL

"Localized Extraordinary Optical Transmission through sub-wavelength apertures”

Christin David (Instituto de Optica - CSIC, Spain) | ORAL

"Spatial Nonlocality in the Optical Response of Metal Nanoparticles"

Francesc Diaz (Universitat Rovira i Virgili, Spain) | ORAL

"Exploring the possibilities of fabrication of photonic crystals on inorganic materials with
non-linear optical and laser properties"
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Advanced material models for nano-plasmonic systems

Kurt Busch
Institut fir Theoretische Festkdrperphysik
Karlsruhe Institute of Technology
76128 Karlsruhe, Germany
kurt@tfp.uni-karlsruhe.de

Plasmonic systems offer a tremendous potential for the controlled delivery and extraction of
electromagnetic energy to and from metallic nano-particles as well as molecules and quantum dots that
are located in their immediate vicinity. In view of the increasing sophistication of fabrication and
spectroscopic characterization, quantitative computational approaches thus face the corresponding
challenge of incorporating into their frameworks the strong nonlinear optical response of the metallic
nano-strucutres themselves as well as the strongly modified light-matter interaction that is mediated by
them.

In this talk, we report on our progress in applying the Discontinuous-Galerkin Time-Domain DGTD
(DGTD) method to the quantitative analysis of nano-plasmonic systems. This includes the efficient
modeling of complex geometric features via curvilinear finite elements, the improvement of the time-
stepping scheme via a judicious choice of the numerical flux, and the incorporation of optically
anisotropic media. In addition, we describe advanced material models that are based on a coupled-
system dynamics approach. For instance, modified light-matter interactions in plasmonic systems can
be treated via the Maxwell-Bloch equations and the nonlinear optical response of metallic nano-particles
can be dealt with by treating the corresponding free electrons hydrodynamically, i.e., as a plasma in
confined geometry.






Recent Progress on Photonic Metamaterials
Stefan Linden

Physikalisches Institut, Universitat Bonn, NuRalle 12, 53115 Bonn, Germany
linden@physik.uni-bonn.de

At optical frequencies, electromagnetic waves interact with natural materials via the electronic
polarizability of the materials. By contrast, the corresponding magnetizability is negligible. As a result,
we can only directly manipulate the electric component of light while we have no immediate handle on
the magnetic component.

Photonic metamaterials open up a way to overcome this constraint. The basic idea is to create an
artificial crystal with sub-wavelength periods. Analogous to an ordinary optical material, such a photonic
metamaterial can be treated as an effective medium. However, proper design of the elementary building
blocks ("artificial atoms”) of the photonic metamaterial allows for a non-vanishing magnetic response at
optical frequencies - despite the fact that photonic metamaterial consist of non-magnetic constituents.
This artificial magnetism can even lead to a negative index of refraction.

In this presentation, | will review our results and present new experiments on the spectroscopy of
individual “artificial atoms”, electrical tuning of magnetic metamaterials, coupling effects in
metamaterials, and chiral metamaterials.
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Slow light in photonic crystals for photovoltaics

Christian Seassal®, Guillaume Gomard®®, Ounsi El Daif*®, Xiangin Meng®®,
Emmanuel Drouard®, Anne Kaminskib, Alain Faveb, Mustapha Lemiti®

Université de Lyon, Institut des Nanotechnologies de Lyon-INL, UMR CNRS 5270
® Ecole Centrale de Lyon, F-69134 Ecully, France
°INSA Lyon, F-69621 Villeurbanne, France
Christian.Seassal@ec-lyon.fr

Thanks to the development of nanophotonics, new concepts have recently been proposed to control
light trapping and absorption efficiency in photovoltaic (PV) solar cells. These approaches may be
based on the surface plasmons, diffraction on a patterned surface, or light coupling into photonic
crystal (PC) Bloch modes. Absorption control is all the more important in the case of PV cells based
on very thin absorbing layers: for cost issues but also considering the limited carrier diffusion length in
such materials, their thickness should be kept as low as possible, which is generally achieved at the
expense of the conversion efficiency.

In this communication, we will report on the increase of the absorption efficiency in very thin layers
of absorbing materials, periodically patterned as planar PCs. This enables to couple the incident light
into the absorbing medium, and to control the photon ‘lifetime”, in particular through the use of
surface addressable slow light resonances.

We will illustrate the interest of this generic concept with an absorbing medium of hydrogenated
amorphous silicon (a-Si:H). Pattering such layers may be achieved using low cost technologies like
laser holography or nanoimprint. We will show both theoretically and experimentally that this way of
photon trapping may be used to control the absorption over a very wide spectral range. The
absorption efficiency may be increased by 50% in the whole 300-750nm range, just by drilling a 1D or
2D photonic lattice within the layer. Additionally, due to the intrinsic nature slow light modes, the
absorption efficiency is relatively independent to the angle of incidence. We will also show how such
an absorbing PC can be integrated in a typical thin film solar cell structure, including transparent and
metallic electrode; these additional layers enable a further control of light trapping and of the photon
lifetime in the absorbing layer.






The Physics of Photonic Crystals LEDs
C. Weisbuch

Laboratoire de Physique de la Matiére Condensée, CNRS, Ecole Polytechnique, Palaiseau,
France and Materials department, UCSB, Santa Barbara, CA, USA

Photonic crystal (PhC) based LEDs display a rare blend of fundamental and applied concepts in
semiconductor physics.

This is due to the fact that the properties of PhC-LEDs rely on a mix of intrinsic optical
properties of the materials (most often nitrides these days) originating from their electronic
structure and of electromagnetic properties of the PhC.

Focussing on the latter, PhC LED studies allow in-depth understanding of properties of PhCs
such as determination of their key parameters (real and imaginary dispersion curves of the band
structures for instance). This is to be contrasted with studies dealing with the better established
confinement properties of PhCs which rely on non-propagating modes in the photonic forbidden
bandgap and therefore mainly explore bandgap states, whereas PhC LEDs allow to explore
propagating states of the photonic band structures.

In a series of recent papers in the nltr|de materials system, we have determined band structures
of PhC lattices such as trlangular and Archimedean tlllngs These studies are a clearcut
example how physics in devices is a powerful tool to extract fundamental properties of matter
(here light propagation in periodic structures).

Turning to studies of physics of devices led to explore various structures which could pave the
way to ultimate efficiency LEDs. We showed® in particular that the optimum PhC structures
would depend on the materials’ index of refraction, being the triangular lattice for nitrides, while
lattices with more nearest neighbours, such as Archimedean tilings lattices, are required for
GaAs materials due to their higher index of refraction. We also showed that surface PhC
structures have some Ilmltatlons to extract low order guided modes while embedded PhC
structures appear to be optlmum

Applications are here of major importance: PhC LEDs could be a favoured solution for ultra-high
efficiency LEDs to be used in tomorrow’s solid state lighting, with foreseen huge energy
savings. The challenge is very actual as several states and countries are on the verge of
forbidding sales of incandescent light bulbs in favour of higher efficiency solutions, and as
today’s preferred one is the high efficiency compact fluorescent lamp (CFL) due to its availability
and low cost. The challenge to PhC LEDs is to reach efficiencies similar to CFLs or higher, with
fabrication technologies allowing large volume production, low cost and high fabrication yield.

References
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New trends in plasmonic nanophotonics
Anatoly V. Zayats

Centre for Nanostructured Media, The Queen’s University of Belfast,
Belfast BT7 1NN, United Kingdom
a.zayats@qub.ac.uk
http://www.nano-optics.org.uk

Recent advances in nanofabrication and subwavelength optical characterisation have led to the
development of a new area of nanophotonics concerned with routing and conditioning of optical signals
in scalable and integratable devices. In this context, plasmonics which is dealing with surface
electromagnetic excitations in metallic structures, may provide a great deal of flexibility in photonic
integration in all-optical circuits since with surface plasmons the problem of light manipulation can be
reduced from three to two dimensions. Surface plasmon polaritons, the electromagnetic excitations
coupled to collective motion of conduction electrons near a metal surface, are emerging as a new
optical information carrier that enables signal manipulation and processing on the subwavelength scale.
Plasmonic metamaterials play crucial role in the development of novel paradigms such as negative
refractive index engineering, superlensing and optical cloaking.

A variety of passive plasmonic elements such as mirrors, lenses, waveguides, resonators, etc. have
been demonstrated. The development of active plasmonic elements capable of controlling light on the
nanoscale dimensions with external electronic or optical stimuli is on the agenda.

In this paper we will discuss various realisations of plasmonic components for integrated nanophotonic
circuits with particular emphasis on the active functionalities such all-optical and electro-optical
modulation and amplification of plasmonic signals, dispersion management dispersion management.
These functionalities facilitate possible applications of plasmonics in telecommunication networks,
integrated photonics and lab-on-a-chip systems.
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Ag-polymer nanocomposites for LSPR sensing
Rafael Abargues*, J. Marques-Hueso, R. Gradess, J. Canet-Ferrer, J. L. Valdés, J. P. Martinez-
Pastor
Instituto de Ciencia de los Materiales, Universidad de Valencia, P.O. Box 22085, 46071 Valencia,
Spain.
*Rafael.Abarques@uv.es

In the past decade, plasmon-based optical sensors have been one the most preferred sensing
platform for detection of biomolecules with high sensitivity and low cost. It is well-known that
SPR/LSPR strongly depends on the refractive index of the surrounding medium (substrate, solvent,
and adsorbates) of the surface/nanostructure [1]. In this work, we present a novel LSPR sensing
platform based on Ag nanoparticles (NPs) embedded in a polymer thin film [2]. Ag NPs are in situ
synthesized inside the host polymers by a one-step procedure during the bake step of the formation
of a nanocomposite thin film (Fig. 1).

We have used polyvinyl alcohol (PVA) and Novolac as the host polymers for Ag NPs due to the
ability of the secondary alcohol and phenolic groups to reduce Ag(l) to Ag(0), their excellent film
forming properties and optical transparency. Moreover, they are hydrogels, this is, they can swell in
aqueous medium and retain a significant amount of water within its structure without dissolving. As
a result, water and analyte diffusion is allowed. Additionally, these materials can be also the basis
to fabricate biochip sensors since they can be patterned by e-beam and UV lithography [3,4,5]. To
validate the use of Ag nanocomposite thin film as a potential chemosensor/biosensor, we used 2-
mercaptoethanol (HSCH,CH,OH) as analyte, because thiols interact very strongly with metal
surface. The typical procedure for the analyte binding reaction simply consists on immersing the
nanocomposite thin film in the analyte solution for several minutes to achieve the maximum
chemisorption of the analyte molecules.

Fig. 2a exhibits the LSPR absorption curve of the Ag-PVA nanocomposite thin film before and after
immersing into an analyte aqueous solution of 5x10™ M for 180 min. As can be observed, the LSPR
of an Ag-PVA film significantly changes in wavelength, intensity and FWHM. These curves can be
nicely fitted by Lorentzian functions in order to obtain more precise values of all spectroscopic
parameters: A spr, FWHM (I spr) and peak intensity, before/after immersing the thin film into the
analyte solution for a given concentration. The chemisorption of 2-mercaptoethanol on metal NPs
embedded in the polymer thin film is irreversible due to the strong interaction of the Ag-S bond. As
a result, the analyte cannot be desorbed to return the nanosensor to its initial state. This is not a
limitation since this nanocomposite-based sensor is easy-to-prepare, easy-to-use and low-cost,
which are the bases of a fully disposable sensing platform technology

We demonstrate chemosensing capabilities of Ag-PVA nanocomposite with a LOD below 20 nM, by
measuring either the LSPR wavelength shift (AN spr) @s a function of the analyte concentration (Fig.
2b). AA spr is taken as representative of the change in the dielectric environment of the NPs. The
sensor response to the analyte can be tuned by varying the nanocomposite properties such as film
thickness and nanoparticle concentration.

We observed a similar behaviour for Ag-Novolac nanocomposite. Fig. 3a shows the LSPR
absorption of an Ag-novolac film for different immersing times into a 2-mercaptoethanol aqueous
solution of 0.01 M. The analyte binding at Ag NPs is strongly time-depending. The main advantage
of this nanocomposite is the possibility of miniaturization due to its lithographic properties. Fig. 9b
shows an example of the fabrication of LSPR-based microsensors by menas of UV-lithography. We
observe in Fig.3b an optical microscope image of a 100 ym-side square structure of Ag-DNQ-
novolac nanocomposite before and after the analyte binding reaction. We notice a significant
difference in the absorption of the nanocomposite after 48 hours of immersion into the analyte
solution.

PVA and Novolac-based Ag nanocomposites can be used as qualitative or semi-quantitative sensor
for thiol molecules (and possibly quantitative for other molecules). Moreover they provide a fast,
non-expensive and large-scale fabrication method for plasmonic devices. Because the proposed
nanocomposites are easy-to-prepare, easy-to-use and low-cost, a fully disposable sensing platform
technology may be developed on it.
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Fig 1. A) Schematic steps involved in the formation of Ag-PVA nanocomposite thin film; B) Image of the Ag-PVA film
spincoated on soda-lime glass and C) TEM image..
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Fig 2: a) LSPR curve of a Ag-PVA thin film before and after immersing on an aqueous solution of mercaptoethanol during
180 min. The effect of pure water is shown as an inset of this figure. B) AApsr response of Ag-PVA nanosensors as a
function of the mercaptethanol concentration for different film thickness: 80, 130 and 250 nm.

A Ueu B
—a—0h
— —e—1h
5 0,151 —A—2h
s
Py —=— 24h
2 0,101
IS
2
o
& 0,051 X
) \\n
0,00 : : s
300 400 500 600 7 Before analyte After analyte
Wavelength (nm) binding binding

Fig 3. Absorbance of a Ag-Novolac film immersed in a 0.01 M Mercaptoethanol-water solution. b) 100 pm-side square
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The optical properties of metal nanoparticles (NPs), especially those made of silver and gold,
have attracted the interest of many researchers during the last fifteen years for their use in many
nanotechnology applications. These include biosensing, optical communications, nanocircuitry,
SERS, microscopy, emission and absorption enhancements of photonic devices and plasmonic
waveguiding [1-8]. Unlike gold and silver nanoparticles, which exhibit localized surface
plasmon resonances (LSPR’s) primarily in the visible and IR wavelengths, other elements, like
Gallium, present an interesting resonant behavior in the UV spectral region [9]. Recently, it has
been shown that such material deposited on substrates can be an interesting alternative for the
development of new plasmonic devices working at UV photon energies [10].

One of the tasks of this research is to analyze numerically the plasmon resonances shown by
Gallium NPs deposited on Sapphire substrates, as measured by Wu et al. [10] (Fig. 1). We
explore the behavior of these resonances as a function of different system parameters, such as
particle size and geometry, polydispersity, particle geometrical distribution, etc. (Figs 2 a,b).
The numerical simulations have been performed using the Discrete Dipole Approximation
(DDA) method, [11]. This has proven extremely useful when dealing with NPs interacting with
substrates [12, 13].
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Fig 1. (a) Absorption spectrum of Ga nanoparticles deposited on sapphire substrates (see bottom inset of a SEM
image). Upper right inset shows a sample histogram from AFM images (upper left inset) that reveals a bimodal
distribution of particle sizes (see ref [10] for more details).



Our DDA simulations show the dependence of different aspects of morphology on the resulting
spectra. The spectra can be interpreted as the result of a combination of different effects. Our
results shown in Figure 2 suggest that the small particles (= 40 nm) contribute mainly to the
high energy resonance (Fig. 2a), and the large particles (= 100 nm) contribute to the low energy
peak (Fig. 2b). Interaction between NPs also plays a role, as the orientation of interacting NPs
transverse or longitudinal to the incident scattering plane may shift the resonances or enhance
certain regions of the spectra. Finally, transverse and longitudinal effects due to the incident
polarization (circularly polarized in the experiment) were considered (a contribution to the
explanation of these effects was already suggested in [10]).
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Fig. 2 Numerical DDA calculation of the absorption efficiency for the geometrical configuration shown in each
respective inset (see text for details). a) Small-particle configuration. b) Large-small particle configuration.
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Solid-state lasers based on semiconducting polymers have become an active field of research in the
past few years [1]. Polystyrene (PS) films doped with perylenediimide (PDI) derivatives have shown a
great potential in this regard due to its highly photostable optically-pumped amplified spontaneous
emission (ASE) at low threshold [2]. On the other hand, the use of distributed feedback (DFB)
structures as resonant cavities, significantly enhance the lasing properties of organic materials,
providing single-mode emission and lower pumping thresholds [1]. In order to get such a structured
medium, nanoimprint lithography (NIL) is one of the most promising techniques for grating fabrication,
even for future industrial applications, because its high throughput, low cost and high fidelity pattern
transfer.

In this work we first present the fabrication by thermal NIL and dry etching of second-order DFB
gratings in SiO, (periodicity of 368 nm and equal line and space) on which PS films doped with 0.5
wt% of a PDI derivative were spin-coated afterwards [3]. Several grating depths (340, 220 and 105
nm) were obtained by varying the etching time. Furthermore, we also imprinted DFB gratings directly
on the active material using the same master stamp. This way the dry-etching step can be avoided, so
the fabrication process for this kind of devices becomes more cost-effective.

Both types of lasers showed highly photostable laser emission at around 572 nm, when pumped at
533 nm with a pulsed Nd:YAG laser. This wavelength is close to 570 nm, which constitutes the second
low-loss transmission window in poly(methylmethacrylate). Hence, they could be particularly
interesting in the field of data communications based on polymer optical fibres. On the other hand, as
shown in the figure below, thresholds were drastically reduced with respect to the ASE threshold of a
sample without grating. Moreover, the performance of the devices with gratings directly embossed on
the doped PS film was superior, in terms of threshold, than that of devices with gratings fabricated on
SiO,.
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Optical and infrared antennas based on metal nanostructures have been widely studied during the last
years in the field of nanophotonics. Their capability to confine and enhance optical fields at deep sub-
wavelength scales via the formation of surface plasmon polaritons [1] has led to the development of
novel devices ranging from nanoscale photo-detectors [2] to highly sensitive nanobiosensors [3].

At mid-infrared frequencies also surface phonon polaritons exist. Despite their sharp polaritonic
resonances [4] and application potential in nanophotonics [5,6], these infrared counterparts to surface
plasmon polaritons have been barely explored for the design of antenna structures. As surface phonon
polaritons rely on the infrared or terahertz excitation of lattice vibrations in polar crystals, they offer
totally different material classes for antenna fabrication, such as semiconductors and insulators. Here
we present, for the first time, the design, fabrication and characterization of SiC “phononic antennas”,
which exhibit fundamental dipolar antenna resonances at around 10 um wavelengths. Analogous to
plasmonic antennas, strong field confinement and enhancement is achieved by localized surface
phonon polariton excitation.

The figure shows the topography and near-field images of a 35 nm thick SiC antenna of 700 nm in
diameter. The images were taken by scattering-type scanning near field optical microscopy (s-SNOM)
[7], which allows recording both amplitude and phase of the z-component of the antenna near fields.
The imaging wavelength was A,=10.78 pym. We observe strong near-field amplitude signals at the disk
edges according to the polarization of the incident electric field. At the disc center a phase jump of about
180° occurs, which indicates that the enhanced fields at the disk edges oscillate in opposite direction.
This provides direct experimental evidence of a strong dipolar near-field mode in a deep
subwavelength-scale antenna structure as small as A/15.

Altogether, our results show that antenna properties such as confinement and enhancement of optical
fields can be achieved by non-metallic “phononic” structures, which opens a new route for the
manipulation and control of mid-infrared fields at deep sub-wavelengths scales.
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Figure. Topography and near-field images of a
35 nm-thick SiC disk on a SiC substrate at a
wavelength of A=10.78 um. The images labeled
as S, and ¢, show the amplitude and phase of
the near-field z-component, respectively
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One of the bottlenecks to high efficiency in organic solar cells (OSC) is constituted by the short diffusion
length of excitons. Typically this diffusion length is on the order of 10nm which is many times shorter than
the absorption length of many of the materials employed in organic photovoltaics. One way around this
problem came with the bulk hetero-junction OSCs. However, this device architecture limits the ability of the
separated charges to reach the electrodes, and an optimization of the efficiency of the device would
require a controlled 3-D nano-structuring to provide the proper channels to increase the mobility of these
charges.

An alternative route was recently proposed and consists in using an optical cavity to increase the diffusion
length [1]. It was shown that it is possible to increase the exciton lifetime by changing the electromagnetic
environment of the exciton when placing a high quantum yield fluorescence photovoltaic materials within a
non-symmetric optical cavity. As in the Purcell effect [2], the spontaneous emission of the radiative system
in the excited state (exciton) is inhibited. Numerical calculations in Ref. [1] indicated that by using a device
architectural design where the electrodes are a high reflecting mirror and a thin metal forming a non
symmetric optical cavity, one would be able to enhance the efficiency of an OSC by 3 times. Additional
numerical results also from Ref. [1] showed that this factor could be further increased to about 5 or 6 times
if additional nano-structuring were introduced. If we consider that bi-layer OSC can have efficiencies of up
to 3%, by implementing such photonic control one would be able to achieve OSC with 15% efficiency or
higher.

To achieve such efficiencies, however, there are many hurdles that must be overcome. Although highly
fluorescent polymers such as PPV or MEH-PPV have shown good photovoltaic properties when combined
with the appropriate electron acceptor [3], the best organic electron acceptors, such as fullerenes, do not
show much fluorescence at all. Laser dyes such as rhodamines which are highly fluorescent in solution
and have shown good electron acceptor behavior [4], when packed in a solid film, their fluorescence is
quenched down to a value below 1%. Another major issue is that the most common OSC device
architecture uses an ITO layer as a transparent electrode. To form an open optical cavity one would
require two metallic electrodes which could act as good conductors as well as mirrors to control the
fluorescence.

Fig. 1 Fluorescence measured at 610 nm when the pumping wavelength changes from 350 to 590 nm.
The fluorescence of a thin solid sample of bare Rh6G is shown in green when deposited on an exciton
blocking (solid line) or quenching (dashed line). The fluorescence of Rh6G linked to a PMMA backbone is
shown in red when deposited on an exciton blocking (solid line) or quenching (dashed line). In the Rh6G-
PMMA sample, PAA was added as a spacer between the Rh6G-PMMA chains.
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Here we show, on the one hand, that by chemically binding highly fluorescent chromophores in a non-
conjugated polymer chain, the fluorescent quantum yield in a solid film can be enhanced by more than 16
times. On the other hand, the route to provide an optical cavity control of the fluorescence is achieved by
replacing the ITO electrode in a bi-layer cell with an ultrathin metal electrode. The organic bi-layer is
sandwiched in between such electrode which is partially reflecting in the region where the organic active
layer fluoresces, and another which is a good conductor and acts as a highly reflecting mirror.

The comparison between the fluorescence of spin-coated Rhodamine 6G (Rh6G) and the Rh6G
chemically bound to the PMMA backbone is shown in Fig. 1. When comparing the red and green curves
from Fig. 1, we observe that the fluorescence efficiency increases by more than 16 times. In the same
figure we show the comparison of the fluorescence when the solid layer is deposited on an exciton
blocking or quenching substrate. These preliminary results seem to indicate that the polymer backbone
does not affect negatively the exciton diffusion length.

Table 1 Comparison of the working parameters of an OSC when the bottom electrode is an ITO substrate
or a thin metal electrode which is partially reflecting at the fluorescent band of the photovoltaic material
used.

We have also studied the performance of an OSC when the ITO transparent electrode is replaced by a
thin metal electrode that could be used to form the fluorescence control optical cavity. Preliminary results
which are summarized in Table 1 indicate that when a 10 nm thick metal electrode is used the reflectivity is
close to 25% while the parameters that characterize the solar cell are similar to those of the cell fabricated
with a 5 nm electrode which exhibits a reflectivity of only 12%. Open circuit voltage is considerably high for
all the fabricated cells, however, there is a significant reduction of the short circuit current for the cells with
the metal electrodes relative to the one that uses ITO. It is expected that an optimization of the metal
composition of such electrode will significantly reduce such difference.

In summary, we have been able to establish the route to fabricate OSC where the exciton diffusion length
can be controlled using an optical cavity. We have shown that it is possible to partially prevent the
fluorescence quenching of molecular dyes in solid by fixing the position of the chromophore to a polymer
backbone. Preliminary results indicate that it is possible to fabricate OSC using only metals as electrodes.
The reflectivity provided by the semitransparent electrode of the solar cells we fabricated is sufficient to
form the optical cavity necessary to control the exciton diffusion length in cells fabricated with high
quantum yield fluorescent materials. The results presented open the route to fabricate highly efficient bi-
layer organic cells.
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Introduction

Sub-wavelength apertures periodically arranged may transmit electromagnetic waves beyond the cut-off
wavelength with a much higher intensity than if they were isolated. Confined electromagnetic modes at
each side of a metal film may provide an efficient tunneling channel for photons passing through such
array of holes. This is the so-called Extraordinary Optical Transmission [1].

Results

We analyze theoretically resonances appearing at wavelengths beyond the cut-off of the holes [2], [3].
We name this phenomenon Localized Extraordinary Optical Transmission (LEOT). Interestingly, no
surface modes are involved; therefore, the physical mechanism is valid for both single holes (SH) and
hole arrays (2DHA).

In particular, we will give analytical expressions for the LEOT peak position as a function of the film
thickness (h), and the dielectric constants of the environment (the cover, the substrate, and inside the
holes, ¢4, €3, €5, respectively) for both symmetric (g1 = g3) and asymmetric (g4 # &3) configurations, for any
hole shape of high aspect ratio (See Fig.1). Furthermore, the peak position is not the only spectral
property affected by the dielectric environment, but also LEOT peak intensities are drastically modified.
These results explain the unexpected fact reported by recent experiments in the THz regime about
enhanced transmission [4] through isolated holes at wavelengths red-shifted from the cutoff
wavelength.

FIG.1: (a) Schematic of the investigated structure.
Panel (b): for h = 1um, rectangular holes with: a, =
10um, a, = 350pm, and &, = 1.0, the figure shows
transmission curves through a 2DHA (P=400um)
placed in a symmetric environment (full symbols)
and on a substrate (empty symbols). With solid
line it is shown the normalized to the area
transmission of a SH in the symmetric
configuration. The dashed line depicts the same
but for the asymmetric case. The dielectric
constant of either the cover and/or the substrate is
chosen to be 12.
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Experimental access to particle sizes and interparticle spacings of below 10 nm is now available for
metallic dimers [1], tips [2], and shell structures [3], in which spatial dispersion (nonlocality) in the
materials response is known to play an important role. However, most electromagnetic calculations of
nanostructures rely on local, frequency-dependent dielectric functions [4], sometimes incorporating a
phenomenological damping to account for finite-size effects [5].

Spatial nonlocality is known to play an important role at distances of a few nanometers [6] leading to
significant plasmon broadening and blue shift [7], but few efforts have been made to theoretically
investigate nonlocal effects in a rigorous way. The optical response of nanosized metallic structures is
greatly influenced by quantum confinement of their conduction electrons, which adds up to the intrinsic
nonlocality in the response of homogeneous bulk media.

In this talk, we present two different approaches to account for nonlocality in metal nanoparticles: (a) the
non-retarded specular reflection model (SRM) [8-9] and (b) the retarded hydrodynamical model [10-11].
Comparison with available experiments results in excellent agreement with our parameter-free modeling
of nonlocal effects, which produce dramatic changes with respect to the customary local theory. We
show that nonlocal effects in both models produce sizable plasmon blue shift and broadening in single
metal nanoparticles as well as in dimers (see Fig. 1).

Analysis of the plasmon resonance dependence on the interparticle spacing and nanoparticle size
allows us to separate nonlocal and retardation effects, but there are common conditions for which both
of them coexist, giving rise to competing mechanisms of field enhancement and mode displacement.
This study is particularly relevant for broad, active areas involving applications of local field
enhancement to biosensing and nonlinear optics.
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Figures

Figure 1. Extinction spectra for a gold dimer with 0.5 nm spacing between Au spherical particles
of 20 nm in diameter. The external field is parallel to the interparticle axis. Local and nonlocal
calculations are compared. Nonlocal calculations are presented both using the specular
reflection model (SRM) and the hydrodynamic model (hydro).
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Photonic crystals (PCs) are a class of dielectric or semiconductor materials with artificially fabricated
periodicity of the refractive indexes. Such class of materials has been subject of considerable research
interest for more than a decade, since, with a proper design, they exhibit prohibited spectral bands for
concrete wavelengths (photonic band gaps) and they can serve as instruments to manipulate light
generation and light flow [1]. These photonic crystals exists in one dimension (1D), two dimension (2D),
and three dimension (3D) forms, and can be easily produced in polymers [2]. However, to produce such
1D, 2D and 3D PCs on inorganic materials with optical properties is a more challenging objective, and
several techniques have been tested for their fabrication [3]. In fact, one of the main challenges for the
production of photonic structures with higher dimensionality is the fabrication of these structures with
sufficient precision to prevent scattering losses blurring the crystal properties. For this reason, the
fabrication techniques for such structures have to be analyzed carefully.

In this paper we analyze the results obtained using four different techniques of fabrication of such 1D,
2D and 3D PCs on crystals with non-linear optical properties belonging to the KTiOPO,4 (KTP) family,
such as the same KTP and RbTiOPO, (RTP), and also on LiNbOj. Photonic crystals fabricated in
nonlinear optical materials, or non-linear photonic crystals (NPC) have been an attractive topic for their
modulation of the non-linear coefficient x(z) together with a periodic modulation of the linear susceptibility
x“). Such structures can be generated by fabricating a surface relief structure on the surface of a non-
linear optical material. In this way the refractive index and the x(z) susceptibility are modulated
periodically between the values of the nonlinear optical material and those of the surrounding medium.
Such structures can enhance, phase match or even hold a non-vanishing second-order interaction even
if the material is centrosymmetric. Also, this kind of structures may allow to demonstrate backward
parametric oscillation, a non-linear effect predicted many years ago but that has not been demonstrated
experimentally. Furthermore, new non-linear optical effect have also been expected to occur, such as
the generation of asymmetric diffraction patterns of the second-harmonic generated light that we
reported very recently.

We also explored the possibilities of fabricating those PCs in thin epitaxial layers of materials with laser
applications as they are the monoclinic potassium double tungstates, KRE(WO,),, grown on substrates
of the same family. Those materials are well known for the large absorption and emission cross sections
that active lanthanide ions exhibited when they are hosted in this family of materials, and also because
concentration quenching effects for emissions of lanthanide ions in these crystals are low due to the
large distance among lanthanide ions in these structures. In these crystals we are especially interested
in analysing generation and propagation of light through PC structures.

The techniques used to fabricate such PCs include laser ablation, selective wet-chemical etching in
periodically poled non-linear optical crystals, focused ions beam (FIB) and an alternative approach to
fabricate PCs by combining two well known techniques: the fabrication of porous silicon membranes
and the epitaxial growth of the materials of interest by liquid phase epitaxy (LPE) techniques [4].

Ultrafast laser ablation constitute a unique tool for micro-machining a diverse range of materials. This
technique uses very short and intense laser pulses to remove thin layers from the surface of a bulk
target by means of a physical mechanism different from those taking place in conventional laser
ablation. The collateral thermal and mechanical effects around the ablated area are diminished to such
an extent that precision and quality of the microstructures higher than those obtained with other
techniques can be achieved. By using this technique we prepared 1D and 2D PCs on the surface of
KTP and RTP crystals.

Ferroelectric domains of opposite spontaneous polarization present different etching speeds when
dipped in some acid mixtures. This property has been used to reveal the domain pattern at the surface
of periodically poled crystals. However, the selective etching process provides further capabilities for
versatile surface engineering of domain-engineered crystals, allowing the production of deep, high
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aspect ratio structures, with side-walls that can be extremely smooth. This allowed us to generated 1D
PCs on LiNbO; periodically poled crystals.

FIB is a suitable micro-machining tool to modify or machine materials at the micro- and nanoscale, and
2D PC structures can be fabricated by drilling a periodic pattern of holes with the appropriate diamers
and separated by the adequate distances. Using this technique we fabricated 2D PCs on thin layers of
KY0.60Gdo.18LUg 21Er01(WQ4), grown on KY(WOQ,), substrates that contained straight and bending
defects that allowed the propagation of light through straight and bending waveguides.

Finally, we developed a procedure for fabricating 2D and 3D photonic crystals in four steps: (i)
preparation of high-quality ordered macro-porous silicon templates, (ii) growth of thin layers of the
desired materials within the pores of the silicon templates, (iii) polishing of the top or bottom surface of
the epitaxial layers, and (iv) selective etching of the silicon matrix. In this way we prepared 2D and 3D
PCs of KTP and KYb(WOQ,),.

All these structures have been characterized morphologically and optically. Some details of the micro-
and nanostructured PCs fabricated on these materials can be seen in Figure 1.
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Figures

Figure 1. (a) 2D PC fabricated by ultrafast laser ablation on the surface of a KTP crystal. (b) 1D PC
fabricated by selective wet-chemical etching on a periodically poled LiNbOj crystal. (c) 3D KTP PC
fabricated by epitaxial growth within the pores of a silicon membrane. (d) 2D PC with a 90° bending
waveguide fabricated by FIB on a KY{g9Gdg.1sLUg21Erg01(WO4), / KY(WO,), epitaxy.
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Photonic microcavities constitute a field of research that has attracted the attention of many researchers
from all over the world.* The fact that light can be confined in a very reduced volume of the order of 1
micrometer or even less is very interesting not only from the point of view of basic science but also from
the point of view of technological applications. For instance, very sensitive chemical sensors based on
the light interaction with matter could be achieved by means of microcavities because the
electromagnetic field can be greatly enhanced inside them.? So far, planar microcavities based on
different materials like silicon, indium gallium arsenide phosphide, silicon nitride, etc. were successfully
obtained.® However, only a reduced number of materials like for instance silica, poly-styrene, silicon,
etc. has been able to be shaped in a spherical geometry and having a surface smooth enough so as to
allow them work as optical microresonators.™

Here, we report on porous silicon particles.® They were synthesized by chemical vapour deposition of di-
silane gas under controlled conditions of temperature, pressure, and decomposition time. Because the
particles are highly spherical and their surface is very smooth (see Fig. 1), and also because of their
high refractive index value, they can work as photonic microcavities with well defined resonating modes.
These modes were identified in the near infrared range and they experience large (hundreds of
nanometers) and fast (nanometers per minute) shifts upon the exposure of the microspheres to the
open atmosphere (see Fig. 2). We have attributed this behaviour to a highly porous nature of the
microspheres and to an oxidation process. This hypothesis has been confirmed by Transmission
Electron Microscopy and by Mid-Infrared Spectroscopy.

The nano-porous nature of the microspheres produces the typical photoluminescence of
electrochemically fabricated porous silicon (see Fig. 3). This is a very important characteristic because it
may allow light amplification and therefore lasing in a single microsphere by taking advantage of the
microcavity light confinement effect.
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Figures

Fig. 1 Optical microscopy images at 1000X magnification showing: (a) Porous silicon
microspheres obtained by decomposing disilane at 400 °C. (b) A zoomed image (at
the same magnification) of a single microsphere. (c) Scanning Electron Microscopy
image at 45000X magnification of a porous silicon microsphere of about 2
micrometers in diameter illustrating its spherical perfection and smooth surface.
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Fig. 2 Optical transmittance spectra of a porous silicon microsphere of about 3
micrometers in diameter. They were measured in vacuum (bottom spectrum) and
after different exposure times: 1 hour, 20 hours and 120 hours (2”"" 3“and 4" spectra
from bottom to top respectively). The resonating modes correspond to the dips of the
spectra. They blue-shift as the exposure time of the microsphere to the open air
increases.
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Fig. 3 Photoluminescence signal of a cluster of porous silicon microspheres. The
excitation source was the 488 nm line of an Ar laser.
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Coupling between plasmonic and photonic systems has become one of the most efficient ways to
obtain small scale waveguiding and emitting devices []. In this work, a novel structure for obtaining
enhanced emission in a hybrid plasmonic-photonic structure is presented. The samples under study
consist of large area close-packed ordered monolayers of dye doped polystyrene spheres grown on a
thin (60nm) gold film. This system allows surface resonant plasmonic modes to couple efficiently to
photonic ones leading to the formation of localized surface plasmon polariton (SPP) modes,
propagating waveguide modes and hybrid ones ["].

The dispersion relation of these modes is retrieved by means of angle and polarization resolved
reflectance measurements for different crystallographic orientations. Comparison with calculated
reflectance spectra as well as the spatial distribution of the electric field in the system allows us to
identify different mode types. Field enhancement inside the spheres is seen to be much larger than
that obtained for similar samples grown on dielectric substrates evidencing the role of the metallic

layer in preventing leakage losses into the substrate ['].

Finally we have studied the effect of such field enhancement on the emission of the dye by studying
angle and polarization resolved photoluminescence (PL). We have observed that enhanced emission
is obtained for those modes where the field is mainly concentrated in the region containing the emitter
(i.e. polymeric spheres). A comparison with a reference system monolayer of dye doped spheres
deposited on silicon, further points to the efficiency of our samples to obtain enhanced emission. The
spectral tunability of the mode dispersion with sphere size makes this system a versatile one for many
applications involving efficient emitting devices.
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Figures :

Figure 1. Left: Calculated (black curve) and measured (red curve) normal incidence reflection spectra of a ML
of 520nm PS spheres grown on a gold substrate. Right: Total field intensity distribution of selected modes (as
indicated in spectra.
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Integrated photonic sensors are currently attracting an increasing interest because of their high potential
for a fast label-free analysis of very low concentrations of analytes, such as proteins, bacteria or DNA
for instance [1]. Particular interest is focused on planar devices in silicon, such as ring resonators [2,3],
photonic crystal based structures [4,5], or Mach-Zehnder Interferometers [6], as they are very sensitive
to refractive index variation, have a small size, and can be fabricated on very large scale using CMOS
fabrication techniques. In this work, we report experimental results showing the detection of double-
strand DNA using a photonic crystal waveguide (PCW) based sensor, obtaining a lower detection limit
of 22.2nM.

The PCWs used for the detection were fabricated in a silicon-on-insulator (SOI) wafer with 250nm-thick
silicon layer on a 3um-thick buried oxide layer. They were designed to have a guided TE mode with its
band edge located around A=1550nm, for what a lattice constant of 390nm and a hole radius of 111nm
was selected. Light is coupled/collected to/from the PCW using 500nm-wide singlemode waveguides.
20um-long PCWs were fabricated using e-beam lithography and Inductively Coupled Plasma (ICP)
etching. A scanning electron microscopy (SEM) picture of the PCW is shown in Fig. 1.(a).

Surface activation is performed by exposing the chip to pure 3-isocyanatepropy! triethoxysilane vapour
for 30 min. Then, a drop of streptavidin 0.1mg/ml in 0.1x phosphate buffer saline (PBS) is deposited on
the sensing area and incubated in a humid chamber overnight at room temperature. Finally, a solution
of ovoalbumin protein (OVA) 1% in PBS 0.1x is spread all over the chip and incubate for 30 minutes to
block the remaining active sites.

For the experimental characterization, the TE transmission spectrum near the band edge of the PCW
was continuously acquired using a tunable laser with a resolution of 1pm, as shown in Fig. 1.(b). In this
region, transmission peaks created by the excitation of multiple-k modes in the slow-wave regime near
the band edge and the cavity created in the PCW with the access waveguides appear, which are used
to perform the sensing, as shown in the inset of Fig. 1.(b). The sensing experiment begins flowing the
PBS 0.1x at 10ul/min (a flow cell is placed on the top of the chip and this flow rate is maintained for all
the experiment) to obtain the baseline for the buffer solution. Then, we switched to a double-strand DNA
solution with the end of one strand marked with biotin which has a high binding affinity with the
streptavidin and will bind to the protein attached in the PCW surface, thus inducing a shift in the peak
position. The end of the other strand is marked with digoxigenin (DIG) which has no affinity with
streptavidin and is used later to confirm the binding of the DNA to the PCW surface by flowing anti-DIG
antibody. Figs. 2.(a) and 2.(b) show the flowing sequence and the peak shift obtained for each
substance.

For the lowest DNA concentration (0.2uM) we measured a peak shift of AApna=5.8pm (1544.764nm-
1544.7582nm). The noise level was estimated to be 0.645pm (standard deviation of peak position
during continuous PBS1 flow), thus giving a lower detection limit of 22.2nM for direct DNA detection,
what is in line (or even better) with state-of-the-art values reported for other planar photonic structures
such as ring resonators [3]. Moreover the shift we observed when flowing anti-DIG (higher than 0.6nm)
clearly confirms the binding of the DIG-marked DNA on the chip.

This work was carried out within the FP7-ICT-223932-INTOPSENS project, funded by the European
Commission, and by Spanish MICINN under contracts TEC2008-06333 and CTQ2007-64735/BQU.
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Fig. 1. (a) SEM image of the photonic crystal waveguide used for the sensing, (b) Spectrum of the
photonic crystal waveguide in the region of the band edge.
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Fig. 2. Wavelength shift vs measurement iteration (each iteration lasts approximately 1 minute), for
double-strand DNA (left) and anti-DIG (right) flowing. Flowing sequence is: PBS 0.1x, DNA 0.2uM, PBS
0.1x, DNA 1uM, PBS 0.1x, anti-DIG 10ppm, and PBS 0.1x (all were flown for more than 30 minutes to
ensure molecular binding).
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The excitation of surface plasmons has proven a very useful means to raise other physical phenomena
like in surface Raman scattering (SERS), fluorescence emission, high harmonic generation or the
magnetooptical Kerr effect (MOKE). Focusing on the MOKE, it has been shown that the influence of
surface plasmons can lead to a noticeable enhancement of the magneto-optical (MO) actitivity for
ferromagnetic nanoparticles[1], or more for combinations of noble metal-ferromagnetic nanofilms and
nanodisks[2,3].

When considering MO activity together with plasmonic excitations, the nanostructures developed
requiered the incorporation of a ferromagnetic material to benefit from their high MO response at very
low magnetic fields. So far, no attempt on nanostructures consisting exclusively in noble metals has
been made since the magnetic field required to obtain a measurable response is expected to exceed
those experimentally available (more than 100T). However, the excitation of a surface plasmon in a
metal could lead to a drastic reduction of the magnetic field necessary to be able to observe MO activity
in noble metal structures. This is the scope of this work, where we present for the first time the MO
response of a series of pure gold nanostructures[4].

We apply a magnetic of 0.8T to analyze the Kerr rotation and ellipticity of disordered gold nanodisks and
nanoholes obtained from continuous gold films grown over a glass substrate using colloidal lithography.
We show that the MO response is controlled by the surface plasmon excitation, its spectral position
depending on the aspect ratio of the particles/holes. Figure 1 shows that a peak and an S-like structure
for the Kerr rotation and ellipticity respectively appear at the same energy region where the surface
plasmon is excited. As the diameter of the nanodisks/holes increases, these features shift to lower
energies (higher wavelengths), in accordance with the modification of the spectral position of the
plasmon excitation due to the variation of the aspect ratio. We will show that this effect is due to the
increase of the magnetic Lorentz force induced by the large collective movement of the conduction
electrons in the nanostructures when the LSPR is excited. To understand the physical mechanism of
the effect, we will rely on a simple approach based on the polarizability of a metal nanoparticle in the
presence of a static magnetic field. The emergence of MO effects in pure plasmonic nanostructures
may then find important applications in plasmonic modulators or in the improvement of the biosensing
performance of metal nanostructures [5].
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Figures:
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Fig. 1: MO Kerr rotation (a) and ellipticity (b) of gold nanodisks (D=70nm, h= 32nm) (squares) and
(D=20nm, h= 20nm) (circles). The inset in (a) represents the Kerr rotation variation as a function of the
magnetic field for the Au nanodisks with D=70nm, h= 32nm.
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The embedding of active media with gain to metamaterials is a main goal to overcome the problems
related to the high intrinsic loss of metals at higher frequencies. A recent work [1] has shown that
tailoring gain into metamaterials does not result in a simple compensation of the loss in the medium, but
rather in an overall modification of the total system in a way that the gain properties of the hybrid system
are affected. In this context, we study the nonlinear effects of hybrid metamaterial/gain material systems
which can be essential for future applications of metamaterials. Furthermore, such systems can serve
as a source of interesting new phenomena as for instance absorption cancellation near resonant
transitions in analogy with the characteristics of the electromagnetically induced transparency (EIT).

In our model, we considered a two level atomic system (2LS) coupled to a metamaterial that was
composed of a single layer of SRRs. The SRRs were described in the dipole approximation whereas
the 2LS was treated according to a semi-classical model. The coupling between both systems is caused
by the electromagnetic interaction of the local fields that penetrate the SRRs and the atomic two-level
medium. The theory of such a model has been thoroughly studied in Ref. [1].

To determine the magnitude of the linear and nonlinear response of the hybrid system we described the
local fields of the SRRs and the 2LS as the sum of the external field E.,; and the local electric fields Eo.
at the location of the SRR and the 2LS, respectively. Thereby, it was assumed that the local electric
field at the location of the 2LS was generated by the polarization fields of the SRR whereas the local
electric field at the location of the SRRs was produced by the polarization fields of the 2LS. In order to
take the coupling efficiency between both systems into account, we introduced a phenomenological

coupling constant & . By this means, we could describe the local fields Eﬁl) of the 2LS and Efz) of the
SRR system as
EY = By + & Pye

ext

E? =E, +“P,

ext
where Psgr and Py, are the macroscopic polarization of the SRR and the 2LS respectively, given by:

(1)

Psrr = Nsrr Hsrr Psrr
P, =Nyta,01,

where Nggr, (12) is the density of SRR, (atoms), xsrr 2) is the dipole transition moment of the SRR (two-
level system from the ground to excited state), and p is the slowly varying amplitude of the coherence.

()

From the Liouville equation for the reduced density matrix of the SRR we obtained for the equation of
the SRR in the rotating wave approximation

. _ : : Mg (2)

Psrr = _I(ASRR 1Y srr )pSRR +1 hRR Shast 3)
where Asgr=w-wsgr IS the detuning of the external field frequency o from the resonance frequency wsgr
of the SRR; and ygr is the damping constant of the SRR.

In analogy, the dynamics of two level system with ground state |1> and excited state |2> that interacts
that interacts with an optical field closely tuned to the atomic resonance, can be described by the
Maxwell-Bloch equations [2]

. . ) 7
P = _l(Alz - '7/12)/712 —IfEI(_l)W

(4)
W=-T,(w+1)+ i[p*ﬁ % Efl) — P % Ei(l’j,
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where pi, is the amplitude of the coherence, 4;,=w- @, is the detuning, 51, and 7, are the transversal
and longitudinal damping of the 2LS, respectively. w is the population inversion; we assume that the
equilibrium value, corresponding to the ground state, is -1. By inserting Egs. (1) and (2) into Egs. (3)
and (4) we obtained a complete system from which we could calculate the effective electric
susceptibility  of the system as a function of the macroscopic polarization fields as:

P W P, W
=V, L (P12, W) TRV : (Pspr W) ’ (5)
‘90 Eext 0 Eext
where Vi, srg) is the volume fraction of the gain material(SRR) in the system.

4

For illustrating the physical effects of the nonlinearity in the system it is convenient to represent the
effective susceptibility as a power series expansion of the external electric field

1 3 2 5 4
2=+ 2O + 2P EL| +.- (6)
to convert Eq. (5) in the form of Eq. (6) we performed a Taylor expansion of the population inversion w
in terms of x=|Eex|*/|Es|* Where Es is the analogous of the saturation field strength [3] of this system.

Introducing this expansion in Eq. (5) we obtain the expression given by Eq.(6).

We will show that w changes from -1 to other values when high external fields are applied. This change
involves two nonlinear effects: the amplitude change of the susceptibility response and the modification
of the resonance frequency.

In Fig. 1 we show the parameter range where the different orders of the Taylor expansion of the
susceptibility are valid when there is not inversion or pumping and for same resonance frequencies.

In our presentation, we will show how nonlinear effects induce saturation effects and cascaded
processes in a hybrid SRR/2LS system due to local field interactions and will discuss how the
nonlinearities influence the dynamic characteristics of the composed system

In conclusion, we calculated the nonlinear electric susceptibilities for a metamaterial that was coupled to
a two level gain material. Starting from the corresponding Maxwell Bloch equations we could evaluate
the contributions of the linear, third and fifth-order electric susceptibility of the hybrid system to the
overall nonlinear response by means of a Taylor expansion in the population inversion of the two-level
gain medium. Our results for the nonlinearities in the susceptibility show the range of validity of the
different approximations and the underlying physic responsible for these nonlinear effects. Finally, we
show effects in the dynamic of the system when it is pumped.
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For several years, silicon-based photonic devices have been widely considered in order to develop
integrated circuits allowing to overcome the microelectronic bottlenecks. The challenge for silicon
photonics is to manufacture low-cost information processing components by using standard and mature
CMOS technology. Numerous photonic devices have already been developed in the last years for light
propagation, modulation or detection on silicon substrates. The ultimate goal for the photonic and
electronic convergence would be to monolithically integrate powerful Si-based light sources into the
CMOS photonic integrated circuits.

Some encouraging works have reported the possibility to obtain efficient Si-based light emitting diodes
[1,2,3]. Even stimulated emission by optical pumping of an Er doped Si-based material has been
reported [4], but some effort have still to be pursued in order to increase the emitted power, and achieve
the realization of an injection Si-based laser.

In this work, we report a systematic study of the electroluminescence (EL) properties and mechanisms
of Si-rich silicon oxides doped with Er ions, by correlating the study of transport mechanisms and
electroluminescence spectra. Three different techniques have been used to fabricate the active layer:
LPCVD, PECVD, and ion implantation. Different Si excess were introduced, and various annealing
treatment were performed in order to form Si nanoclusters (Si-nc) from the SRSO layers. Those
nanoclusters are known to have an enhanced radiative emission in the visible respect to bulk when they
are crystalline due to quantum confinement (figure 1a), or act as efficient sensitizers for the
luminescence of Er ions at 1.5 um when they are amorphous (figure 1b). A total of about 20 different
wafers have been processed.

The devices were excited in DC excitation. We find that the three techniques of deposition give different
power efficiency that we attribute to the different matrix defect concentration induced by each technique.
Two kinds of transport mechanisms could be observed in function of the annealing treatment. In one
case, the transport is made by hopping from Si-nc to Si-nc and low EL power is obtained. In the other
case, the injection of hot electrons is observed, as suggested by the |-V characteristics (see figure 2),
leading to a higher EL power of some 0.1-1 uW at 1.5 um, that we attribute to direct impact excitation of
the Er ions by the injected electrons. In order to achieve optical gain for the realization of a Si-based
laser, the number of inverted Er ions has been estimated. In the best case, it has been possible to invert
about 10% of the Er population. Some improvement is finally proposed to increase the optical power by
the use of AC excitation.
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Figure 1 : Electroluminescence spectra of a) Si nanocrystals b) Er ions sensitized by Si
nanoclusters.
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We overview our recent developments in nanophotonic biosensor arrays for the detection of whole
bacteria and PCR products. The work is part of the EU InTopSens project, with the aim to demonstrate
the feasibility of a rapid diagnostic test for sepsis. This requires detecting the presence and identification
of bacteria species from whole blood and their antibiotic resistance profile, which can be accomplished
through the detection of the presence of specific DNA strands. Our principal approach is by the
simultaneous measurement of bacterial nucleic acid strands on a 64 sensor spot array, to identify the
presence of e-coli, streptococcus aureus or coagulase negative staphylococci, as well as the B Lactams
and fluroquinolones resistance markers.

Recent publlcatlons [1, 2] have demonstrated slot waveguide ring resonator sensors with a detection limit
as low as 5 x 107° RIU and a sensitivity as high as 240 nm/RIU over a 7K temperature operating wmdow
without need of external temperature control or individual sensor calibration. A detection limit of 1 x 107
RIU for TM polarized light has been recently shown [3] for Mach-Zehnder based DNA sensing.

For simplicity of experimental design, photonic sensor development within the project has to date been
carried out on immunoassays rather than bacteria and/or nucleic acids. The next steps will be in meeting
the challenge of extreme temperature ramping for the sample DNA melting (at 95 °C) and subsequent
hybridization (at 60 °C). Initial developments in the first sensor ‘base technology’ for SOI silicon photonic
wires began by replacing strip ring resonators [4] with slot-waveguides rings in order to improve sensitivity
and the limit of detection for DNA hybridization sensmg Experiments with biotin/avidin showed [5] the
resonators to have 298 nm/RIU sensitivity and 4.2x10° RIU detection limit for changes in the refractive
index of the top cladding, a 3.5x increase in sensitivity over the base technology but a poorer detection
limit due to bending and surface roughness losses. In an alternative approach to a structure with an
improved detection limit Mach-Zehnder Interferometers with folded waveguides have been realized.
Developments in the second sensor ‘base technology’ of SOI silicon photonic crystals have led to a
sensitivity of 82.5 nm/RIU for the TE cutoff wavelength which corresponds to a detection limit of 2. 2x10™

RIU, an factor of 2.5 improvement compared to that previously seen [6].

The authors acknowledge support of the European Commission through the FP7-ICT-InTopSens project
(223932).
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Plasmonics has emerged recently as an extremely promising technological research area.
Active control over subwavelength optical fields is important in several application fields
(sensing, optical communication and quantum information technology). In the terahertz (THz)
range, the conductivity of semidonductor has been used to control the transport of THz waves
through the coupling to the surface plasmon modes of nanostructures [1]. Recent works have
shown control over progressive loading of a nanoantenna, which could be understood in the
framework of circuit theory [2].

Here we explore a plasmonic nanoantenna switch as a novel building block for ultracompact
nonlinear photonic devices. We propose that the large light-matter interaction strength and fast
dynamics of a single nanoantenna can be used to control both far- and near-fields. Tunability of
the nanoantenna by impedance loading of its nanogap using a dielectric medium has been
studied both experimentally and theoretically [3,4]. Our nanoantenna switch i based on a similar
but conceptually very distinct approach using photoconductive loading of the nanoantenna gap.
Figure 1 represents the principle of the photoconductively loaded nanoantenna built by two gold
nanorods separated by a gap filled with amorphous silicon. The photoconductive gap loading
results in a transition from a capacitively coupled (“OFF”) to conductively coupled (“ON”) state.

To investigate theoretically this concept we use the Boundary Elements Method (BEM) in a full
electromagnetic calculation including retardation [5,6]. This method consists in solving
Maxwell's equations by means of a distribution of surface charge densities and currents at the
surfaces of the objects that interact selfconsistently with the incoming field. Figure 2 shows the
extinction spectra of the nanoantenna for two free carrier densities (Neh) resulting in the two
switching “OFF” and “ON” states. The transition from the unswitched to the switched state
results in a large red shift of the antenna resonance, an increase of the radiation efficiency
(insets) and a strong modification of the near-field distribution (not shown here). The theoretical
concept is generally applicable to a wide range of experimental designs and will be of
importance for applications involving nonlinear optics and SERS, quantum emitters and
coherent control.
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Figures

Figure 1- Principle of operation of the antenna switch, showing transition from capacitively
coupled gap (“OFF”) to conductively coupled gap (“ON”).

Figure 2- Calculated extinction spectra of nanoantenna switch, with radiation patterns (insets).
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We present a detailed study of the gain length in an active medium obtained by doping of DNA strands
with 4-(dicyanomethylene)-2-methyl-6-(4-dimethylaminostyryl)-4H-pyran dye molecules. The superior
thermal stability of the composite and its low quenching permit one to obtain an optical gain coefficient
larger than 300 cm™ ' We also demonstrate that such an active material is feasible for the infiltration into
photonic nanostructures, allowing one to obtain fluorescent photonic crystals and promising lasing
properties.

Nanoengineered devices and metamaterials are offering nowadays novel ways of controlling light
propagation and amplification ranging from random systems [1] to photonic crystals [2]. Nanostructured
lasers are typically realized on a subwavelength structured dielectric matrix, either periodically or
randomly, in which an active medium is inserted to provide optical gain. Their optimization has often
been focused on the increase in the matrix quality and refractive index contrast, while recently more
efficient active media like fluorescent polymers [3,4] or dye doped semiconductors [5] have proven to
enhance light amplification.

Within these novel materials, DNA strands intercalated with dye molecules have been proposed as
efficient and stable gain media [6]. The superior thermal stability of the composite (up to 250°C) and its
low quenching owing to a controlled proximity of the dye molecules attached to the DNA provide an
enhancement of the emitted integrated luminescence with respect to the conventional polymer-dye
composite [7]. This makes DNA-based dyes as optimal candidates to infiltrate nanostructures and to
realize novel active photonic devices. Direct-gain measurements are the best way to compare the
optical amplifications and efficiencies of active media [8,9]. At variance with simple luminescence
experiments, gain studies are not affected by the sample thickness uncertainty or by variations in

the outcoupling owing to the edge roughness.

We report on the characterization of the optical amplification of DNA films intercalated

with a 4-(dicyanomethylene)-2-methyl-6-(4-dimethylaminostyryl)-4H-pyran (DCM) laser dye

(DNA-DCM) by measuring the optical gain coefficient g, which reaches values as large as 300 cm”™ ' We
demonstrate how this material can be used to introduce an efficient gain into self-assembled photonic
nanostructures.

Figure 1(a) shows the optical gain coefficient g as a function of the DNA-DCM weight percentage. The
optimal amplification efficiency is obtained for a dye density between 2 and 3 wt. %, while at higher
concentrations quenching phenomena decrease the effective optical amplification.

Figure 1(b) shows the optical gain coefficient as a functlon of the pump power for an optimal DNADCM
ratio of 3 wt. %. For energies higher than 4 nJ/pm the gain coefficient saturates, while above 9 nJ/pm
the gain reduction is due to optical damage.

We have also performed a lasing experiment on samples, with and without DNA, obtaining random
lasing (RL) [10-12].

In Fig. 2(a) the normalized emission intensity is plotted versus the wavelength for different pump pulse
energies. The spectral FWHM narrows from 85 to 15 nm by increasing the pump energy. Figure 2(b)
shows the peak intensity (open squares) and FWHM (open triangles) as a function of the pump energy.
This demonstrate the clear efficiency advantage of this material as the lasing threshold occurs at energy
denisities 10 times lower respect same sistem doped with standard dye.

In conclusion we measured optical gain coefficients with values as high as 300 cm ', with low
quenching, and large thermal stability. Careful characterization of the gain length in the active material
allows one to predict the lasing threshold and to efficiently design novel light-emitting nanostructures.
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Towards a full understanding of the growth dynamics, optical response and crystalline
structure of self-assembled photonic colloidal crystal films

Gabriel Lozano, Luis A. Dorado, Ricardo A. Depine, Hernan Miguez

Recent advances in the comprehension of the growth dynamics of colloidal crystal films opens
the door to rational design of experiments aiming at fabricating lattices in which the density of
intrinsic defects is minimized.[1,2] Since such imperfections have a dramatic effect on scattered
light of wavelength smaller than the lattice constant, the evaluation of the experimental optical
response at those energy ranges, based on the comparison to rigorous calculations, is identified
as the most sensitive guide to accurately evaluate the progress towards the actual realization of
defect-free colloidal crystals.[3] The importance of the existence of a certain distortion becomes
particularly relevant at the above mentioned energy range. We have thoroughly analyzed the
effect of fine structural features on the optical response to conclude that, rather than the
generally assumed FCC lattice of spheres, opal films are better approximated by a
rhombohedral assembly of distorted colloids. Interparticle distance of actual colloidal crystals
coincides with the expected diameter for spheres belonging to the same close-packed (111)
plane but differs significantly in directions oblique to the [111] one.[4]
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In this paper, we explore the thermal and vacuum electromagnetic friction [1] acting upon small rotating
particles (see Fig.1a). Working in the framework of the linear response theory, our results are based in
the application of the Fluctuation-Dissipation Theorem [2,3].

Figure 1. (a) System under study, consisting of an isotropic particle at temperature T4 placed in vacuum
at temperature T,. The particle is rotating around the z-axis with an angular frequency Q, and suffers an
electromagnetic interaction with the surrounding radiation field. Due to this interaction the particle
experiences a torque and radiates a net power. (b) Ratio between the particle and the environment
temperatures as a function of the rotational frequency Q. While for high rotational frequencies the
friction leads to the heating of the particle, in the opposite limit the particle is cooled.

Assuming the dipolar approximation, we can characterize the EM properties of the nanoparticle through
its polarizability. Within this formalism we are able to present analytical expressions for the net power
radiated by the particle, as well as for torque exerted on it by the vacuum fields. Following from these
results we compute the evolution of the internal energy of the particle, which allows us to describe the
variations in its temperature during the friction process.

At zero temperature, vacuum friction transforms mechanical energy into light emission and particle
heating. However, particle cooling relative to the background occurs at finite temperature and low
rotation velocity (see Fig. 1b). Radiation emission is boosted and its spectrum significantly departed
from the black-body emission profile as the velocity increases.

Finally, we illustrate our work with numerical examples, in which we study the dynamics of rotating
particles placed in different environments (e.g., molecular clouds in outer space). In particular, we
present results for the time needed for a particle to slow down its rotation to half the initial speed due to
interaction with a thermal EM bath. Our study can be relevant in the design of nano-devices comprising
rotating parts, as well as in the control of spinning nanoparticles.
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The ability of surface plasmon polaritons (SPP) to confine optical fields beyond the diffraction limit
makes them very attractive for the development of miniaturized optical devices. Several passive
plasmonic systems have been successfully demonstrated in the last decade, but the achievement of
nanophotonic devices with advanced functionalities requires the implementation of active
configurations. This requires the capability to manipulate the surface plasmon polaritons with an
external agent. Among the different control agents considered so far, the magnetic field holds a robust
promise since it is able to directly modify the dispersion relation of SPP [1]. This modulation lies on the
non-diagonal elements of the dielectric tensor, €. For noble metals, the ones typically used in
plasmonics, these elements are unfortunately very small at reasonable field values. On the other
hand, ferromagnetic metals have sizeable ¢; values at small magnetic fields (proportional to their
magnetization), but they are optically too absorbent. Thereby, a smart system to develop magnetic
field sensitive plasmonic devices could be multilayers of noble and ferromagnetic metals [2, 3].

Based on these hybrid multilayers, a magnetoplasmonic switch has been recently demonstrated [4].
The switch has been implemented through a micro-interferometer consisting on a slit paired with a
tilted groove (see figure 1). lllumination with a p-polarized laser beam at normal incidence results in
the excitation of SPPs at the groove, which propagates towards the slit, where they are reconverted
into free-space radiation (/sp) and interfere with light directly transmitted through the slit (/;). The
interference term is given by VispVl, cos (ksp d+A,), with ksp the SPP wavevector and d the groove-slit
distance. In our tilted groove configuration, d varies for each slit position, creating a pattern of maxima
and minima in the light transmitted through the slit (optical interferogram, see image in fig. 1). When
we apply an external periodic magnetic field high enough to saturate the sample (about 20 mT) in the
direction parallel to the slit axis, ksp is modified therefore shifting the interference pattern. Thus, at
each slit position we detect a variation of the intensity synchronous with the applied magnetic field
(magnetoplasmonic interferogram, see graph in fig. 1). The analysis of both interferograms allows us
to extract the SPP wavevector modulation, Ak. The full intensity modulation depth of the system is
given by the product Ak x d.

The modulation obtained in this basic configuration of the magnetoplasmonic switch, Au/Co/Au
multilayers in air, is Ak ~ 0.5x10 pm'1 for a wavelength of Ay = 800 nm, reasonable although slightly
low for practical applications. Optimization of the geometrical parameters to achieve the maximum
possible modulation of the surface plasmon wavevector will provide a higher flexibility in the design of
the magneto-plasmonic optical switches. A straightforward approach consists on the coverage of the
metallic switch with a dielectric media with high &4, since the modulation Ak is proportional to (z:d)2 [41.
We have then covered our magnetoplasmonic switches with a thin layer of PMMA (g4 = 2.22). Figure 2
shows the measured Ak for systems with 60 nm PMMA at Ay = 633 nm as compared to identical
reference samples without PMMA. A fourfold enhancement of the modulation, in excellent agreement
with the theoretical predictions, has been obtained. Nevertheless, the propagation distance of the
plasmon decreases with the addition of overlayers, which will prevent the use of interferometers with
large d and the intensity modulation depth will then be limited. Thus, a compromise between the
modulation enhancement and the propagation distance of the SPP has to be achieved. The relevant
figure of merit in this case is the product Ak x Lsp. In fact, our theoretical results show that, adding the
polymer cover, we can actually almost double that product. A detailed analysis of the behaviour of the
magnetoplasmonic switches when covered with dielectric overlayers, both in terms of modulation
enhancement and propagation distance, will be presented.
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Figures:

Figure 1: Sketch of the magneto-
plasmonic micro-interferometer.

Figure 2: Comparison of the SPP wavevector
modulation as a function of the Co layer position
for Au/Co/Au micro-interferometers without die-
lectric overlayer and with 60 nm PMMA overlayer.
The values correspond to Ao = 633 nm.
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The exciton recombination dynamics of individual InP/(Ga, In) P quantum dot (QD) single — photon
emitters has been studied by time — resolved photoluminescence (TRPL) and photon correlation
spectroscopy (PCS) as a function of temperature and dot size. An increase of temperature produces
marked effects on the exciton photoluminescence (PL) decay time (tx) and on the anti-bunching time
(tr). Both times are found to depend on the QD size. In small QDs both tx and 1r increase with
temperature, whereas in larger QDs tx remains constant and 1r decreases for increasing temperature. A
competition of the thermally activated Dark-to-Bright (DB) exciton transition and the thermal excitation of
the carriers to - and from the QD give a good qualitative understanding of the observed results.

Self-assembled InP/(Ga,In) P QDs grown by molecular beam epitaxy are selected from the high energy
tail of the ensemble PL emission in order to study single QDs with reduced influence of the neighboring
ones. Both TRPL and PCS are performed under quasi-resonant excitation, either below the wetting
layer absorption or in resonance with excited QD states. This minimizes the influence of carrier diffusion
on the measured times. Temperature has been varied in the 10 — 40 K range. The TRPL is measured
using a streak camera coupled to an imaging spectrometer (overall time resolution of 40 ps). For PCS
we have used a Hanbury-Brown and Twiss interferometer coupled to one of the exits of a spectrometer.
Three peaks are observed in the micro-PL spectra of each QD and are assigned to the exciton (X), bi-
exciton (XX) and charged exciton (CX) recombination, respectively. The QD excited states have been
identified by micro-PL excitation (PLE) measurements. We observe several peaks in the PLE spectra,
which are indicative of QD excited states and of phonon-assisted absorption. QDs of different sizes
have been selected considering their bi-exciton binding energy and their fine structure splitting.

For a given QD, the TRPL and PCS results indicate that in the X recombination both tx and 1 are
approximately twice as long as for XX, evidencing the XX decay into the X state. Upon increasing
temperature, both 1x and 1 increase in small QDs (QD1, figure 1 (c) and (e)), as a result of the thermal
excitation of holes out of the exciton, which reduces the emission probability of both X and XX. This
occurs at low activation energies for small QDs (E;, = 7 meV), as measured from the Iy/(Ix+lxx) intensity
ratio (figure 1 (a)). In larger QDs (QD2 in figure 1) this activation energy is much higher (E, = 30 meV,
figure 1(b)) and therefore it is the DB exciton transition that dominates, leading to in a reduction of 15
(figure 1 (f)). The 1% value is found to be independent of temperature (figure 1 (d)) for QD2 as a result of
the compensation between two competing effects: i) the DB transition, which reduces tx, and ii) the
thermal scattering of carriers inside the QD, which delays their arrival to the ground state and therefore
increases tx. Finally, preliminary experiments have revealed a marked reduction of tg upon resonant
excitation at the QD p-states. Our results are relevant for the development of single photon emitters
based on InP and working at high temperatures.


mailto:dolores.martin@uam.es�

References

[11 A. K. Nowak, E. Gallardo, D. Sarkar, H. P. van der Meulen, J. M. Calleja, J. M. Ripalda, L. Gonzélez,
and Y. Gonzalez, Physical Review B 80 (2009), 161305 (R).

Figures

Figure 1. Temperature dependence of the QDs properties: (a), (b) PL intensity ratio of X and
XX; (c), (d) X decay time 1x; (e), (f) X-X auto-correlation anti-bunching time 1.
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While down-converter (DC) phosphors have been investigated for decades in the lighting industry, the
possibility of down-converting sunlight to enhance performance of solar cells was just been treated
recently by Trupke et al. [1].

The concept of wavelength conversion in photovoltaics is to manipulate the incident solar spectrum
using appropiate materials in order to convert photons from mismatched portions of the incident solar
spectrum into photons within the wavelength range efficiently used by the photovoltaic cell. Many
decades of research have gone into optimising silicon devices; however it seems that further advances
can be made better by modifying the input spectrum, rather than improving the electronic properties of
the device [2]. By placing a luminescent down converter material in contact with the photovoltaic cell,
part of the energy in the near-UV region can be reconverted to energy in the visible and near-IR that
can be efficiently absorbed by the photovoltaic cell.

We propose to use europium doped lanthanum oxide (Eu :La,O3) nanoparticles as a down converter
material to enhance the efficiency of the P3HT organic solar cells. La,O3 nanocrystals doped with 5 mol
% of Eu®* were prepared using the modified Pech|n| method [3]. According to Park et al. [4] due to the
concentration quenching effect, the maximum Eu®" concentration for which quenching was not yet
observed was determined to be about 5 mol %.

These nanoparticles absorb light in a broad band between 240 and 320 nm, while they emit only in
discrete bands located between 580 and 710 nm, presenting a maximum of emission at around 625 nm
(see dotted line in Fig.1 and 2).

The motivation for using materials containing rare-earths as DC materials is that this family of elements
show luminescent properties over a wide range of wavelengths, extending from the near-infrared (NIR),
through the visible (vis) to the ultraviolet (UV).

To study the properties as DCs of these nanoparticles, it was necessary to disperse them into a
semiconductor polymeric thin film. This P3HT polymeric matrix possesses good mechanical
thoughness, chemical stability, and excellent processability. Besides giving improved properties, this
semiconductor polymeric matrix gives the perfect conditions to convert the light emitted from the
nanoparticles on energy in the solar cell. We prepared a mixture of P3HT in tetrahydrofuran (TFH)
solvent and nanoparticles with a concentration of 15 wt% to respect the polymer. The mixture was
stirred during 10 min. A spin coater device was used to make a thin film of this nanocomposite on a
piece of quartz under nitrogen atmosphere by adding 1 ml of the mixed solution and then spinned at
500 rpm for 2 min. Figure 3a) shows the film obtained from P3HT and the nanoparticles where it is
possible to see the transparent violet colour from the P3HT polymer and it high homogeneity.

The main reason of using this kind of semiconductor polymer, besides its good properties, was due to
its absorption reglon band, as show Fig.3b). Semiconductor P3HT polymer covered partially the range
of emission of Eu®* :La, O3 nanopartlcles including the most intense emission peak at 626 nm. However,
the UV region was not affected for this polymer absorption indicating that the polymer did not absorb
efficiently the range of wavelengths covered by the CTS band of the nanoparticles (see not dotted line
in Figure 1 and 2). The light emitted from nanoparticles after down-conversion process has to be
adsorbed by the polymer extending in this way the spectral range of a hypothetical solar cell based on
these materials.
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Figures

Figure 1. Excitation spectrum of the Eu*:La,0; nanocrystals (dotted line) with a maximum peak at ~285
nm and excitation spectrum of the nanoparticles dispersed into P3HT polymeric matrix (not dotted line)
with maximum at ~280 nm.

Figure 2. Emission spectrum of the nanoparticles (dotted line) and emission spectra of the nanoparticles
dispersed into P3HT polymeric matrix (not dotted line).

Figure 3a) Photograph of the P3HT polymer with nanoparticles on a piece of quartz; b) absorption
spectrum of the P3HT with a wide band from 350 to 650 nm approximately.
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In general, biosensors consist of a highly specific recognition element and a transducer that converts
the molecular recognition event into a quantifiable signal. In the case of optically-based transduction
methods, that do not require labelling of analytes with fluorescent compounds, they are of interest due
to the relative assay simplicity and ability to study the interaction of small molecules and proteins that
are not readily labelled. Direct optical methods include surface plasmon resonance (SPR) [1],
evanescent wave devices [2], grating couplers [3] and others.

Optical Grating Couplers (OGC) are based in the highly dependence of the coupling angle in front of the
local external refractive index. There are two main different modes of operation for monitoring refractive
index changes in this type of optical biosensors: angular and spectral interrogation.

In angular interrogation there are different configurations: i) a monochromatic light is focused to create a
range of illumination angles and directed into the waveguide grating. The reflected light is monitored
with a CCD camera or other imaging detector. ii) It is also possible to measure the coupling angle
rotating the sample and measuring the output light at the end of the waveguide; it is known as OWLS
(Optical Waveguide Light-mode Spectroscopy) technique. iii) In our group we have developed an optical
set-up for measuring the out-coupling angle in a two-grating configuration, without moving parts [4].

In spectral interrogation mode, a broadband spectrum light (white light) is sent on the grating surface
and the reflected light is collected and monitored with a spectrometer. By observing the spectral location
of the resonant peak wavelength value (PWV), one can monitor refractive index changes at or near the
surface of the waveguide grating or, linking receptor molecules to the grating surface, complementary
binding molecules can be detected without the use of any kind of fluorescent probe or particle label
[5,6]. Laboratory equipment based in this technique is Corning Epic-system [7].

In this work we present optical design of diffraction gratings structures and spectral interrogation for
biological applications. For our purpose we have used OptiFDTD 8.0 software. Figure 1 is a cross-
section of the simulated structure: a glass substrate (n=1.46) with 200nm silicon nitride layer (n=2.0)
working as a waveguide; a diffraction grating is etched on the surface with a period of A=500nm, 50%
duty cycle. We use normal incidence and light polarized perpendicular to the grating period. The red
layer represents any biolayer attached to the top surface in an external medium; we have used n=1.5 as
the refraction index.

Figure 2 shows i) the reflectance spectrum, showing the resonant behaviour of this type of structure
and ii) the shift of Peak Wavelength (PWV) due to the growth of a thin layer in the range of nanometres
on the grating. Also we see how the PWYV doesn't shift for thick protein layers; this means that above
500nm of thickness, the biolayer behaves as the external medium, saturating the shift effect.

The location of the PWV depends strongly on the geometry of the structure and on material properties:
refractive index, depth, duty cycle, and period. In figure 3 we show the linear dependence of PWV
versus the refractive indices of liquid solutions, using water (n=1.333), PBS (n=1.339), acetone
(n=1.36), isopropyl alcohol (n=1.38), and sodium chloride solution (n=1.4) as standards.

For this structure we obtain a great theoretical sensitivity of S=AAM/An = 130 nm, higher than S = 87.5 nm
in [5]. Taking account that we can resolve variations AA=0.01nm for a standard spectrometer like the
popular SD2000 (OCEAN OPTICS), we expect an approximately detection limit of 7-10° RIU
(Refractive Index Units), which is enough for applications of surface molecular recognition.
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Figure 1. Cross section of the simulated Figure 2. Peak Wavelength value shift in front to the
structure: grating etched on a silicon nitride layer thickness of the biolayer.
on a glass substrate. Grating period = 500nm

Sensitivity Characteristics

2] 1] ST TSN —
--------- CJReaeRa
’g800_...m!!!!!!!?:!ffffffjfififjffjff.“.jjjjjjjj ................. ._
c
%790_ .............................................................................. i
c
@
% TBO ‘_
70 g e ]
O L ’
. FOO oo i U
750-*“ ............. ._
1.34 1.36 1.38 14

External Medium Refractive Index

Figure 3. Peak Wavelength value shift for three values of thickness
(t) of silicon nitride layer, in front of external refractive index.



Domino plasmons for subwavelength terahertz circuitry

Esteban Moreno1, D. Martin-Cano1, M. L. Nesterov”,
Al Fernandez-Dominguez1, L. Martin-Moreno®, F. J. Garcia-Vidal'

1Departamento de Fisica Teorica de la Materia Condensada,
Universidad Autonoma de Madrid, E-28049 Madrid, Spain

’A. Ya. Usikov Institute for Radiophysics and Electronics,
NAS of Ukraine, 12 Academician Proskura Street, 61085 Kharkov, Ukraine

*Instituto de Ciencia de Materiales de Aragon (ICMA) and
Departamento de Fisica de la Materia Condensada,
CSIC-Universidad de Zaragoza, E-50009 Zaragoza, Spain

esteban.moreno@uam.es

Electromagnetic radiation in the terahertz (THz) regime is a central resource for many scientific fields
such as spectroscopy, sensing, imaging, and communications. Within this context, the building of
compact THz circuits would stand out as an important accomplishment. This requires the design of THz
waveguides carrying tightly confined electromagnetic modes, preferably with the following properties.
First, structures should be easily manufactured, planar, and monolithic. Second, subwavelength
transverse size is also needed. Finally, absorption and bend losses should be small, and the
waveguides sufficiently versatile for the design of key functional devices. Particularly important are
in/out-couplers since they work as the interface to external waves. In this context, compact tapers able
to laterally compress the modes down to the subwavelength level seem essential.

With the aim of addressing the above mentioned issues, in this paper a new approach for the spatial
and temporal modulation of electromagnetic fields at terahertz frequencies is presented. The
waveguiding elements are based on plasmonic and metamaterial notions and consist of an easy-to-
manufacture periodic chain of metallic parallelepipeds protruding out of a metallic surface (Fig. 1, left).
The electromagnetic modes supported by such structures are termed domino plasmons.

Fig. 1 Left: A domino plasmon structure consists of a periodic array of matallic box-shaped elements
protruding out of a metallic substrate. Right: Top view and cross sections of a tapered domino structure,
displaying the subwavelength field confinement and enhancement with negligible loss and reflection

The properties of domino plasmons are controlled by the structure geometry, the most important
parameters being the periodicity, d, and the height, h, of the parallelepipeds. In the talk it will be shown
that, when the operation frequency lies in the far infrared or the THz regime, the dispersion relation of
domino plasmons is rather insensitive to the waveguide width, L. This susprising behavior can be
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understood as a consequence of the existence of a metallic substrate and the fact that the gaps
between consecutive parallelepipeds are open not only at the top but also at both lateral sides. In
contrast with other conventional structures, the insensitivity to the waveguide lateral size of domino
plasmons is achieved preserving at the same time a tight confinement even when the waveguide
transverse dimension, L, is well in the subwavelength regime. This property enables the simple
implementation of key devices, such as tapers (Fig. 1, right). Such elements allow the subwavelength
confinement and enhancement of THz electromagnetic fields.

The ohmic absorption losses and the radiative losses in bent waveguides are characterized, finding
reasonably low values. These properties, when considered together with the previously mentioned
insensitivity to lateral width, suggest that domino plasmons could find application to build subwavelength
THz devices and circuits. This is confirmed by the implementation of essential circuit elements such as
power dividers, directional couplers, waveguide bends, and ring resonators. These elements are
characterized by means of rigorous Finite Elements simulations, demonstrating the flexibility of the
proposed concept and the prospects for terahertz applications requiring high integration density.
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We have investigated electric field dependence emission properties of single InGaAs/GaAs
quantum dot pairs and molecules. These nanostructures were grown by droplet epitaxy [1]. This
growth technique results in the formation of nanoholes where in-plane laterally aligned pairs of
quantum dots (QDs) can be nucleated using the appropriate growth conditions. Compared with
purely self-assembled methods, the droplet epitaxy technique allows to control separately the
emission energy and nucleation density and produces good optical properties at the single QD
level [2]. We have fabricated lateral electric field Schottky devices that allow to tune the energy
levels of both QD and produce molecular coupling. We have found three different micro-
photoluminiscence (micro-PL) pictures, attached to single QD, QD pair (not coupled) and QD
molecule (coupled) systems. Single QD picture is related to the 2% of possibilities to obtain only
one QD at each nanohole. QD pair micro-PL evolution was found when distance between both
QDs is too large to produce strong molecular coupling. Finally, it was found asymmetrical micro-
PL features (figure 1) which are in good correspondence with theoretical framework based on
full CI (Configuration Interaction) calculations and effective mass approximations. Although
clear anticrossing optical signatures were not identified, this signature of lateral molecular
coupling is not easily found in literature [3, 4], the asymmetric Coulomb blockade QD charging
and Stark effect gives valuable information to confirm the molecular coupled system [5].
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One of the major obstacles for large-scale silicon-based electronic-photonic integration is the absence
of a compact and efficient silicon-based light source, due to the intrinsic inability of silicon to emit light
efficiently. Various strategies for improving light emission in silicon have been demonstrated during the
last decade [1], one of the most promising ones being the use of nanostructured silicon (Si-nc) in the
form of clusters embedded in dielectric matrices. An intensive knowledge has been already obtained for
Si rich SiO, materials, in which a SiO, medium surrounds the Si-nc. However, there are two drawbacks
concerning this kind of material that should be taken into account for fabricating active photonic devices:
i) the relatively low refractive index (1.5-1.6) with respect to SiO,, which impacts on the compactness of
the photonic devices; ii) this material is not ideal for the fabrication of stable and efficient electrically
driven devices due to a huge barrier mismatch between Si and SiO,. As a consequence, Si rich SizNy
matrices have attracted attention since they present both a higher refractive index and a smaller band
gap with respect to Si rich SiO,. In addition, efficient light emission under optical and electrical pumping
has been also reported recently [2,3].

On the other hand, monolithic circular resonators such as micro-disks, rings and toroids are triggering
an intensive and rapidly evolving research due to the low fabrication complexity, which relaxes the
ultrahigh resolution process needed to create photonic crystal cavities with similar properties. In circular
optical microcavities electromagnetic fields at certain optical frequencies can be localized in ultra-small
modal volumes by means of total internal reflection effect, leading to the so-called whispering gallery
modes (WGM).

An interesting approach is to combine the light propagation and emission properties of Si rich SizN4
matrices and the optical properties of microcavities. In this work we have done a simulation and
experimental study of the WGM emission properties of single microdisk resonators with an optically
active disk material made of luminescent Si-nc embedded in SizN, matrix deposited over a SiO,
cladding.

By using a three-dimensional FDTD package we have done a study of the modal structure of the
microresonators, i.e. the position and quality factors of the resonance peaks and electric field spatial
distribution of the different modes inside the cavity, which were modified by varying the structural
parameters of the optical elements.

In addition, we have produced a set of different samples where the Si;N, stoichiometric material has
been deposited by using the LPCVD deposition technique which has been subsequently suffered a
double ion implantation of Si followed by an annealing procedure in N, atmosphere at 1100°C. The
photonic structures have been afterwards defined by means of standard photolithographic techniques.
On figure 1 we show an AFM image of one of the microdisk structures designed, where we have
achieved an average surface roughness of less than 1nm.

Room temperature micro-PL measurements have been performed in order to characterize the on-plane
emission spectrum of single microdisks. The microdisks close to a cleaved sample edge were excited
vertically, while the WGM emission was monitored in the plane of disks. On the main panel of figure 2
we show the actual measurement of a 3um radius microdisk, where several resonances are observed
modulating the PL emission of the active material. On panel b), a zoomed part around 715nm of the
spectrum is showed in order to show clearly the width of the observed resonances. As it can be seen
from the lorentzian fit of a resonance present at 719nm, sub-nanometer WGM resonances are
observed, corresponding to quality factors higher than 1200. These values are among the highest
previously reported values in Si-nc-based systems [4,5] and are actually limited by the resolution of our
experimental setup.

In addition, an increasing of the pumping flux is not generating a spectral widening of the resonances
and high pumping powers does not seem to affect the quality of both the material and the cavities. This
is in contrast to what observed in other reports of Si-nc based microcavities, where significant
enlargements are observed associated to carrier absorption losses [4,5].
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Figures

Figure 1. AFM image of a 10um radius Si rich Si;N, microdisk.
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Figure 2. Panel a) Low resolution micro-PL spectrum of a 3um radius microdisk. Panel b) High
resolution spectrum of a particular part of the spectrum. The red curve shows a lorentzian fit of one of
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We present results on dispersion engineered tapered optical fiber based nanowires. Their
characteristics are modelled and calculated, and compared with experimental results from group delay
measurements. The detailed analysis is done with focus to applications. Important effects that are
included in the analysis, and discussed therein, are the impact of refractive index profile change during
the nanowire fabrication process at elevated temperatures, and the optical connection to the nanowire
region through biconically tapered transition regions.

It is well known that the occurrence and characteristics of most non-linear optical effects strongly
depend on the dispersion characteristics of devices [1]. The fabrication of tapered optical fibers through
the flame brushing method is known to allow for a high precision fabrication of nanowires, and their
optimization with regard to the desired device properties [2]. The coupling between modes is a
characteristic property of tapered fibers, and can be employed in devices [2].

The analysis of most of the propagation characteristics of tapered optical fibers departs from a detailed
analysis of the dispersion equations of cylindrical three layer waveguides, i.e. optical fibers with a finite
clad and reduced clad diameters. The local mode dispersion relations are found by solving numercially
the characteristic equation that is obtained when demanding as boundary conditions the continuity of
transverse fields components and their derivatives, both at the radial core/clad and clad/air boundaries.
As the properties of interest, i.e. the points of low (zero) group velocity dispersion, and its variation
(flatness) correspond to the third resp. fourth order derivatives of the dispersion relation, it is important
to numerically calculate a sufficiently elevated number of points.

Polynomial approximations are a convenient tool to approximate the numerical points with analytical
functions, which accelerates the design process. However, care must be taken when dealing with higher
order derivatives: the correlation between low order and high order precision has to be taken into
account. We studied how the numerical precision and number of points, as well as the kind of
polynomial methods, and tolerance, affects the precision when determining the zero dispersion point
and its flatness. The results are simplified and convenient engineering design guidelines for this kind of
structures.

We compare the predictions with experiments, and find good coincidence when taking into account the
actual mode structure of the tapered fiber.
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We present analytical results for the electromagnetic fields at the surface radiated by an aperture (both
2D, like a slit and 3D, like a hole) in a metal film. The expressions are valid for any metal, from the
optical to the THz regime, and for distances to the aperture larger than a few tens of nanometers. The
field pattern presents a rich behavior, which depends strongly on both distance to the aperture and
angle with respect to the incident field. In the optical regime, surface plasmon polaritons (SPPs) have
been thought to dominate the fields at the surface, beyond a transition region comprising 3—4
wavelengths from the source. In this work [1, 2], we demonstrate that at sufficiently long distances SPPs
are not the main contribution to the field. Instead, for all metals, a different type of wave prevails, which
we term Norton waves (NWs) for their resemblance to those found in the radio-wave regime at the
surface of the Earth. Our results show that NWs are stronger at the surface than SPPs at distances
larger than 6-9 SPP absorption lengths, the precise value depending on wavelength and metal.
Moreover, NWs decay more slowly than SPPs in the direction normal to the surface.
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In the last decade fundamental advances have been achieved in the fields of molecular electronics [1]
and plasmonics [2]. In particular, the optical properties of adjacent nanoshell pairs have been explained
using exact numerical calculations and hybridization models [3]. Recent simultaneous measurements of
electronic conduction and Raman spectroscopy in molecular junctions have suggested the possibility of
sensing individual molecules [4], connecting both fields.

We study theoretically this connection between molecular electronics and plasmonics in a system
composed of a molecular junction bridging a plasmonic cavity. More explicitly, we relate transport and
optical properties through a model system consisting of a conductive bridge linking two gold nanoshells.
The nanoshells are formed by a silica core surrounded by a gold shell and the molecular junction is
modelled as a cylinder of radius a linking both nanoshells. The conductivity of the junction, o, is related
to its conductance, G, through the geometrical parameters of the system. Therefore, for a given size of
the linker, we modify the conductivity of the junction varying the number n of quanta of conductance,
NGy (Go = 2e%h = 77.5mS). Maxwell’s equations are solved via a boundary element method (BEM) [5] to
obtain the electromagnetic fields and the optical extinction spectra.

We find two regimes in the optical response (see Figure 1). For the short wavelength regime, we first
notice a broadening of the plasmon resonance as conductance is increased, followed by a slight blue-
shift until a saturation point is reached. Then, the resonance becomes narrower again as conductance
continues to be increased but its wavelength remains unaltered. We call this plasmon resonant mode
the Bonding Dimer Plasmon (BDP). For the long wavelength regime, there is no appreciable change
when conductance takes small values. However, for very large values of conductance, a new highly
red-shifted resonance emerges. We call this resonance the Charge Transfer Plasmon (CTP) and its
main feature is its tunability.

We use a simple resistor model to explain both the initial decrease of the optical extinction intensity of
the BDP and its progressive recovery for further increase of the conductance. We also notice a slight
blue-shift which corresponds to a screened Coulomb interaction at the junction between the gold shells.
Moreover, we identify a threshold value of the conductance when the optical properties of the junction
start being affected by the transport properties. This threshold conductance relates the time of flight of
the electrons involved in the transport process with the time of the optical cycle of the plasmonic
resonances of the cavity.

We believe that the study of this kind of spectral changes in plasmonic cavities might serve as a probe
of molecular conductance and transport processes in the visible part of the spectrum, a range which is
not accessible through electrical measurements.
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Figures

Figure 1: (Left) - Optical extinction spectra of a nanoshell dimer bridged by a conductive molecular
junction of radius a = 2nm as conductivity is increased via the increment of conductance. We can
observe the variations in the behaviour of the plasmon resonance (BDP) and the emergence of the new
resonance (CTP) in the IR part of the spectrum. (Rigth) - Near-fields patterns corresponding to the short
wavelength regime (fop and middle) and to the long wavelength regime (bottom), where the progressive
expelling of the electric field out of the junction can be observed.
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Two-dimensional photonic crystal lasers have been fabricated on Ill-V semiconductor slabs. Different
structures based in the coupling of light between nanocavities have been fabricated like the hybrid
lattice [1] or laser emitters with high quality factor L7 microcavities [2] and very low threshold values.
The capability of confining light in very small dimensions allows for enhanced effects on cavity-QED.
Photonic crystal cavities have been fabricated on self-assembled quantum nanostructures active
material (like quantum rings and quantum dots) for the first time with special attention to the control
of the polarization, quality factor and emission wavelength [3]. These structures open new ways for

emission of single photons, emission of entangled photon pairs and optical quantum gates.

Fig.l. Left: L7-type microcavity fabricated on an InP substrate with quantum wires in the active region.
Right: L3-type cavity fabricated on a GaAs substrate with quantum rings.
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The influence of patterned surface on the growth of thin film colloidal crystals has been studied
experimentally. Confined colloidal crystals show a manifold variety of closed packed structures, strongly
dependent on the confinement length.[1-4] Also, the influence of substrates with topographically
patterned surfaces has been demonstrated on the formation of three dimensional (3D) closed and non-
closed packed colloidal crystals.[5-8] Templated growing surfaces have also been used to achieve zero
dimensional (OD) and one dimensional (1D) colloidal nanostructures.[9]

We have built a wedge cell with a new confinement condition, using a flat and a corrugated plate. We
make use of inexpensive grating substrates obtained from commercially available Digital Versatile Disks
(DVDs) to process large size patterned surfaces. The new variables in the wedge confinement,
introduced by the corrugated surface, groove size, pitch of the substrates, as well as the cell thickness
value, dictate the particle decoration deposited on both the patterned and non-patterned confining
plates.

We have analyzed the influence of patterned surfaces on the formation of one- and two-dimensional
colloidal crystals. When the sphere diameter is of the order of the groove width of patterned substrates,
a rich variety of particle decorations appear. However if particle size is much larger than template
patterns, large domains of particle ordering are formed (Figure 1). Patterned substrates can also be
useful for templating colloidal arrangements on flat substrates (Figure 2). Figure 3 shows the results
obtained on the corrugated surface of the cell, in quasi-2D colloidal orderings, as our proposal
theoretical models.
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Figures

Figure 1. SEM images of particles whose size is larger than the groove width
(particle size=770 nm) attached to the corrugated plate, being (a) buckling
phase (b,c) triangular phase, being (b) a zoom image of (c).

Figure 2. SEM images: (a) a parallel collection of particles rows, (b) a row of
spheres arranged linearly, and (c) a strip composed by two rows. In all cases the
particle size is 770 nm, and placed over the flat substrate.

Figure 3. SEM images (bottom row) of different particle orderings, the cell
thickness increasing from the left to the right side of the panel. Side (second
row) and top (third row) views of the ordering model showing the sphere
distribution in the grooves. The first row shows how the zig-zag angle of particle
strips changes from 180 degrees (a) to 60 degrees (e). (f) A triangular
arrangement of close packed spheres. The particle size is 380 nm.
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We report on a method to enhance the light-emission efficiency of printable thin films of polymer doped
with semiconducting nanocrystals (NCs) and with dye chromophores via metallic nanoparticules and via
nanoimprinted photonic crystals. The two nanocomposite materials, embossed by using nanoimprint
lithography (NIL) process, showed very good imprint properties and impressive enhancements in the
spontaneous emission intensity of the incorporated emitters.

To prepare the printable polymers, small amounts of Au nanorods (NRs) with a double surface plasmon
resonance were added to a mixture of PMMA-based copolymer and emitters [(CdSe)ZnS nanocrystals or
rhodamine 6G (R6G)]. Figure 1a presents a schematic of the exciton-plasmon coupling in the
nanocomposite polymer. A strong coupling is expected by matching the surface plasmon resonance
frequency with the emission frequency of emitters (Figure 1b for R6G). The photoluminescence (PL)
intensity reported in Figure 2a was recorded for different nanoparticles concentrations in the mixture. The
measurements indicate an increase by a factor 14 in the emission intensity of the dye. This enhancement
is attributed to an increased absorption and emission of R6G in presence of the metallic nanorods. A
reduction of the lifetime confirmed the modification of the spontaneous emission rate of the emitters. Two
dimensional silicon (2D) photonic crystal stamps with different lattice constants were successfully imprinted
in the nanocomposite polymer by a standard NIL process. PL spectra of a nanoimprinted unpatterned
sample without Au NRs, of a nanoimprinted unpatterned sample with the optimal concentration of Au NRs
and of a 700 nm honeycomb lattice photonic crystal with the optimal Au NRs concentration are shown in
Figure 2b. It is observed that the PL intensity for the PhC is 36 (green curve) as large as that of the
unpatterned substrate without the Au NRs (black curve).

Similar results were obtained with the nanocomposite polymer containing the NCs. The additional
challenge consisted to achieve a homogeneous dispersion of nanoparticules in the polymer matrix and to
keep a good processability of the modified polymer for NIL process without altering their structural and
chemical-physical properties of the nanoparticules. As shown by Figure 3a, the transfer pattern was
excellent with roughness surface comparable to the Si stamp. A challenging TEM cross-section of the
polymer film showed (Figure 3b) a homogenous dispersion of (CdSe)ZnS nanocrystals after patterning
was achieved with success. By controlling the concentration of NCs and Au nanorods in the PMMA-based
copolymer, an optimum is achieved showing an enhancement in the PL intensity by a factor 5.5 thanks to
the Au nanoparticules incorporation.

In conclusion, 36-fold enhancement of PL intensity compared to an imprinted unpatterned and unprocess
sample is achieved at room temperature by using a printed photonic crystal in a dye-doped printable
polymer and by coupling the dye emission to surface plasmons of metallic nanoparticles. An enhancement
by a factor 14 has been achieved with semiconducting nanocrystals. Our results indicate that nanoimprint
lithography is well suited to fabricate these challenging photonic structures in nanocomposite materials
and that the combination of surface plasmons and nanoimprinted photonic structures in an active layer
may lead to a new class of cost effective and high efficient OLEDs.



Figure 1: a/ Schematic of the coupling between the metallic nanoparticules and the emitters [(CdSe)ZnS or
R6G], b/ Absorbance spectra of gold nanorods in PMMA-DMAEMA (black curve), PL intensity of R6G in

the PMMA-based copolymer.

Figure 2: a/ Photoluminescence intensity of the functionalised polymer versus different R6G and gold
nanorods concentrations. (blue curve: without Au NRs; black curve: with Au NRs), b/ PL spectra of the dye
doped polymer film with and without Au nanorods (red, black), PL spectra of dye doped polymer film with
Au nanorods imprinted with 2D photonic crystal (pitch 700 nm).

Figure 3: a/ SEM micrographs of nanoimprinted photonic crystals in PMMA-based copolymer doped with
(CdSe)ZnS nanocrystals (Inset) SEM micrographs of tilted view of a silicon stamp containing two-
dimensional array of pillars, b/ TEM cross-section of the nanoimprinted photonic crystals.
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Complex metal nanostructures exhibit plasmon resonances that play a crucial role in various
electromagnetic processes stemming from spontaneous emission occurring nearby [1-4]. In this regard,
it is crucial first to characterize the localized plasmon resonances for a variety of metal nanopatrticles.
On the basis of a 2D surface integral equations in parametric coordinates [5], we have indeed calculated
the scattering cross sections for nanowires of various shapes (circle, triangles, rectangles, and stars),
either isolated or interacting, including near-field intensity maps (with corresponding enhancement
factors) and surface charge distributions [4-6]. Good agreement with experimental results for the dimer
nanoantennas used in enhanced fluorescence is in turn achieved [6]. In the case of metal nanoparticles
resembling a star/flower, which have also been obtained experimentally, large enhancement factors are
shown to occur (see Fig.1), making them specially suitable as SERS (surface-enhanced raman
scattering) substrates [4].

In addition, we have developed theoretically and numerically a rigorous method to investigate the
electromagnetic wave scattering from 3D objects with arbitrary surfaces and dielectric function [7]. The
formulation is based on the surface integral equations for the electric and magnetic fields given by the
Stratton-Chu formulas. The integral equations are generalized for a 3D object with its surface in
parametric coordinates (recently derived for 2D objects in Ref. [5]). This formalism straightforwardly
allows one to deal with an arbitrary number of scatterers and shapes, with the advantage that it scales
with the scatterer surface (rather than its volume).

With regard to nanoantenna-enhanced photonics, single molecule fluorescence close to metallic
nanoantennas has been thoroughly explored by calculating radiative and nonradiative decay rates (and
guantum yields), addressing crucial issues as the modification and enhancement (or quenching) of
spontaneous emission in (bio)molecular and optoelectronic systems, due to the strong impact on the
local (near-field) electromagnetic density of states of surface-plasmon resonances in dimer
nanoantennas [1,3]. The strong coupling of the optical emitter to the nanoantenna is also studied in the
resulting near- and far-field patterns, which exhibit significant qualitative and quantitative variations [3].
Experimentally, resonant enhancement of the radiative and nonradiative decay rates of a fluorescent
dye is observed for dimers with optically coupled arms with narrow (~20 nm) gaps [1], in agreement
with our electrodynamic model calculations [1,3]. On the other hand, metallic nanowire trimers have
been theoretically investigated, with associated multiple plasmon resonances that can be exploited to
doubly enhanced inelastic and/or nonlinear optical processes [2]; this has straightforward implications
for low efficiency emitters in, e.g., (bio)molecular sensing or optoelectronic devices.

The optimal design of nanoantennas with specific properties is, on the other hand, an aspect of the
inverse problem that had not received too much attention until recently, despite being crucial from the
point of view of applications. In order to find the optimal nanoparticle geometry that
maximizes/minimizes a given optical property, we have made use of bio-inpired stochastic technique
based on genetic algorithms, which exploits the surface integral equation formulation [5] to solve the
direct scattering problem. The performance of this stochastic method is proved by showing how the
optimization procedure converges to a nanostar geometry that exhibits a resonance at or near a given
wavelength [8]. This method will be exploited to design metal nanoantennas optimizing quantum-dot
photoluminescence.
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Light forces on small (Rayleigh) particles are usually described as the sum of two terms: the dipolar or
gradient force and the scattering or radiation pressure force. The scattering force is traditionally considered
proportional to the Poynting vector, which gives the direction and magnitude of the momentum flow.
However, as we will show, when the light field has a non-uniform spatial distribution of spin angular
momentum, an additional scattering force arises as a reaction of the particle against the rotation of the spm
This non-conservative force term is proportional to the curl of the spin angular momentum of the light field"
We will illustrate the relevance of the spin force in the particular simple case of a 2D field geometry arising in
the intersection region of two standing waves®

We WI|| also discuss the peculiar particle dynamics in the non-conservative force field of an optical vortex
lattice. Rad|at|on pressure in the whirllight field (arising in the intersection region of two crossed optical
standing waves ) plays an active role spinning the particles out of the whirls sites leading to a giant
acceleration of free diffusion. Interestingly, we show that a simple combination of null-average
conservative and nonconservative steady forces can rectify the flow of damped particles. We propose a
"deterministic ratchet" stemming from purely stationary forces* that represents a novel concept in
dynamics with considerable potential for fundamental and practical implications.
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This work reports an experimental demonstration of the anisotropy predicted for photonic crystals based
on two-dimensional rectangular arrays of dielectric rods (Alumina or FR4) in air. These structures have
been studied in the long-wavelength limit (homogenization) by means of a microwave measurement set
up. The effective dielectric permittivity €. has been analysed along the two perpendicular directions in
the lattice for the two cases of interest; E-mode excitation and H-.mode excitation. It is found that ¢ is
isotropic for the E-mode case while it is anisotropic for the H-mode case. Data confirm homogenization
theories based on plane wave expansions and simulations based on a finite- element method.

Photonic crystals made of arrays of dielectric rods in air have been theoretically studied in the long-
wavelength limit (homogenization) because of their possible application as new materials for optical
components. Thus, explicit formulas for the effective dielectric constants have been given [1, 2]. More
recently, the homogenization of losses have been also studied for rods having the imaginary part of the
dielectric constant much lower than the real part. In other words, the imaginary part of the effective
dielectric constant has been predicted and it has the same behavior than the real part [3]; it is isotropic
for the E-modes an anisotropic for the H-modes.

Experimental demonstration of the previously introduced concepts of isotropy or anisotropy of the
effective parameter has been performed by means of a microwave measurement setup. 2D lattices
made of alumina (& = 9.4 — i9.4*0.006) or FR4 (& = 4.4 — i 4.4*0.02) rods of diameters ¢ = 4,2 mm and
3.2 mm, respectively, have been fabricated. The lattice period employed is p = 5 mm for the Alumina
samples and p= 4 mm for the FR4 samples. According to the lattice periodicity in the propagation
direction is 2p = 10 mm (8 mm) for the 0° incidence and p = 5 mm (4 mm) for the 90° incidence. A 2:1
ratio is therefore preserved between both lateral sides of the lattice, giving in practice a filling factor of ff
= 0.264 and 0.254 for the Alumina and FR4 samples, respectively. With this geometry and taking into
account the operation frequencies (2 — 7 GHz in the experiment), for the Alumina case, the normalized
lattice parameter ranges from p/A,gh, = 3.3% to p/Asgn, = 11.6%. Thus, the measured arrangement
reasonably operates within homogenization conditions. In all cases, total length of the measured sample
in the propagation direction is equal (approximately 10 cm), thus giving comparable results in terms of
‘bulk’ homogenized parameters. Additionally, two broadband horn antennas, covering the whole
measured frequency range and with a wide front side lobe, are used to transmit and receive a quasi-
plane wave with a vertically polarized E-field. In order to guarantee a minimum detectable power for the
received signal above the noise floor of the network analyzer, the antennas are closely placed at
variable distances between 55 and 125 cm. This range of separations permits to be sufficiently close to
the far-field region (for the measured frequency range) when the characterized device is placed equally
separated between both antennas.

The real part of the effective dielectric function has been obtained by extracting the refraction index
from a measurement of the phase delay A¢ in samples with two different lengths £, and £,

AgC
n(w)= __AdG
w(l,-1,)
where ¢y is light speed. Results for the samples made with FR4 are shown in figures 1 and 2 and are in
quantitative agreement with theoretical predictions.

The imaginary part of the effective dielectric function has been analyzed by transmission
measurements. Results are depicted in Figs. 3 and 4, where it is shown how the transmittance spectra
obtained under E-mode excitation are isotropic in the low frequency region while those obtained under
H-mode excitation are anisotropic. Numerical simulations based on a finite-element method (COMSOL
multiphysics) are also depicted for comparison purposes.
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Figures 1 and 2:

Figure 1.- Effective refractive index extracted from
phase delay measurements performed on FR4
samples with lengths £,=100mm and {,=52mm.
These results correspond to E-mode excitation with
two incidence angles (0° and 90°). Inset shows the
employed experimental setup with the characterized
sample illuminated with an E-polarization.

Figures 3 and 4:

Figure 3.- Measured (symbols) and simulated (lines)
transmission for Alumina structures under E-mode
excitation wave with two incidence angles (0° and
90°). Inset shows the employed experimental setup
with the characterized sample illuminated with an E-
polarization.

Figure 2.- Effective refractive index extracted from
phase delay measurements performed on the FR4
samples. Results correspond to data obtained under
H-mode excitation. Inset shows the employed
experimental setup.

Figure 4 Measured (symbols) and simulated (lines)
transmission for Alumina structures under H-mode
excitation wave with two incidence angles (0° and 90°).
Inset shows the employed experimental setup with the
characterized sample illuminated with an H-polarization.
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High speed modulators will play a crucial role for the development of all optical networks. Future all
optical networks will require operating speeds higher than 40 Gb/s specially in the metro network
scenario which is expected to become the capacity bottleneck of the next coming years. Modulators are
also key building blocks in important processing applications such as routing, tunable filters, optical
gating, logic gates or switching. Silicon photonics is a promising platform to develop high performance
modulators due to the potential of building cost-effective devices at industrial scale by making use of the
already existing silicon processing technology and manufacturing infrastructures. Furthermore,
electronic and optical functionalities can be monolithically integrated on the same chip.

Several ways have been investigated to develop silicon based modulators [1]. Among them the plasma
dispersion effect has been demonstrated as the most effective way to modulate the refraction index in
silicon. In this case, the free carrier concentration is altered by an external electrical field resulting in a
change of the refractive index. So far, the highest speed operation was demonstrated by Intel in 2007 in
a depleted vertical PN diode. However, a reduced modulation depth of only 1dB was achieved and the
device size was in the millimeter range. Therefore, the ceaseless effort towards modulator performance
enhancement in terms of speed, size and power consumption is still underway.

Slow-wave and resonator structures has been proposed as promising structures to enhance modulators
performance. In both cases, the interaction between the free carriers and the optical structure is
strengthened. This can lead to a significant reduction of the interaction length and hence allows for
device shrinking down to a few hundred microns. Improvement in device size and power consumption
can reach in practice up to one order of magnitude depending on the structure. In this paper, a
qualitative study of modulator performance improvement due to slow wave and resonator structures is
presented. Furthermore, experimental results are also shown demonstrating simulation and theoretical
results.

Figure 1 shows a SEM image of (a) a corrugated waveguide and (b) a ring resonator structure.
Corrugated waveguides are first analyzed and designed. This slow-wave structure consists of a rib
waveguide with one-dimensional periodical transversal corrugation elements. The main characteristic of
such structures is their capability to decrease the group velocity of the propagating wave. Passive
design is first carried out. Up to ten times smaller interaction length with respect to conventional rib
waveguides can be obtained for group velocities around 0.01c and a refractive index variation of 10°,
Experimental results are then carried out to validate passive design showing group index values up to
Ns=72 at wavelengths around 1.55um. Electrical simulations are also carried out and DC and transient
results analyzed. Figure 2 shows the transient change in effective index for different group velocities
and for voltage varying from 0 to-3V (rise time) and -3V to OV (fall time). A modulation bandwidth up to
24GHz is derived from the obtained results.

Different configurations of ring resonator structures have also been investigated to enhance modulator
performance in terms of extinction ratio and required voltage. Modulation based on the intensity and
phase response of a ring resonator is analyzed and their performances compared. In both intensity and
phase modulation approaches, extinctions ratios higher than 20dB can be achieved considering
effective index changes lower than 10* and device sizes smaller than 100um. However, it can be
concluded that better robustness against fabrication deviations can be easily achieved with phase
modulators with respect to intensity modulators. Experimental results of a compact silicon ring resonator
operating in depletion mode in a lateral PN junction are also shown. Figure 3 shows pictures of the
experimental set-up and the amplitude variation of ring resonator based silicon modulator operated
under forward bias. An extinction ratio up to 6dB for only 3V is demonstrated for forward bias operation.
Furthermore, the device exhibits an electrical small signal bandwidth of 19GHz.
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Figures

Figure 1.- SEM image of (a) a corrugated waveguide and (b) a ring resonator.
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Figure 2.- Temporal variation of the effective index in a corrugated waveguide taking into account
different group velocities. Result for a rib waveguide is also shown for the sake of comparison.
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Figure 3.- (a)-(b) Pictures of the experimental set-up and RF probe and (c) amplitude variation in a ring
resonator based silicon modulator operated under forward bias.
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The topics of metamaterials [1,2] and extraordinary transmission [3] have attracted a lot of
attention in the last years due to the intriguing properties associated to them. On the one hand,
metamaterials have been a source of continuous development of new ideas and devices, as
many well-established theories in electromagnetism were revisited with a different perspective.
As a matter of fact, fascinating concepts such as negative refraction, perfect lensing and even
invisibility were proposed after metamaterials. On the other hand, extraordinary transmission is
mainly linked with plasmonics [4] which is a hot topic in today electromagnetism. It consists in
high transmittance peaks arising in the cut-off region of subwavelength hole arrays. As
mentioned, in its optical version, it is explained through surface plasmon polaritons [5].
However, its existence in other frequency ranges such as millimetre-waves where metals do not
support plasmons showed that leaky waves [6], i.e. a kind of complex waves that can exist in
periodic structures, are responsible for the high transmittance. A very important result we
achieved in the past, is the possibility to have left-handed propagation by stacking hole arrays
[7]. Thus, metamaterials and extraordinary transmission structures are closely linked with a very
simple arrangement. Moreover, this result can be easily downscaled to other frequencies such
as terahertz, infrared or visible, since extraordinary transmission has been found also in those
regimes. From the knowledge obtained with the systematic experiments performed in
millimetre-waves, we were able to miniaturize the structures of extraordinary transmission and
get high transmission even with reduced spot illumination (illumination in the Fresnel zone of the
incident gaussian beam) [8]. This result opened the door to extraordinary transmission
structures working in the terahertz range [9]. The main modifications done to design
miniaturized samples is (i) using a rectangular cell and (ii) loading the wafers with dielectric. In
our terahertz experiments, the dielectric was polypropylene whose performance is highly
satisfactory. This aspect is very important since it is cheap and easily available due to mass
industrial production for the needs of the goods packaging sphere. Apart from those technical
details, we found an unexpected resonance below cut-off for the “wrong” polarization, and we
termed it as anomalous extraordinary transmission. In this presentation, we will focus on our
developments in the terahertz range and will give some physical insight about the origin of
anomalous extraordinary transmission.
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Fig. 1. Unit cell schematic (a) and photographs of the terahertz extraordinary transmission prototypes (b) and (c).
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Fig. 2. Cross-sectional view of the electric field at the anomalous extraordinary transmission resonance.
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Semiconductor nanowires have gained tremendous interest in the recent years as potential building
blocks for future nano-opto/electronic devices. [1-4] A successful implementation of semiconductor
nanowires into devices essentially relies on the control and the experimental verification of the local
free-carrier concentration. However, quantitative free-carrier profiling of individual nanowires is still a
challenging task. Here we report a quantitative method, which is based on local infrared (IR) plasmon
resonance spectroscopy employing scattering-type scanning near-field optical microscopy (s-SNOM).

s-SNOM is typically based on atomic force microscopy (AFM) where the tip is illuminated with a focused
laser beam and the tip-scattered light is detected simultaneously to topography (see Fig. 1a). Using
metallic tips, the strong optical near-field interaction between tip and sample modifies the scattered light
allowing for probing the local dielectric properties with nanoscale resolution. Unavoidable background
contributions are suppressed by vertical tip oscillation at frequency Q and subsequent higher-harmonic
demodulation of the detector signal at neQ with n=2 [8]. Combining this higher harmonic demodulation
with interferometric detection, background-free near-field optical amplitude s, and phase ¢, contrast
imaging is possible. s-SNOM offers an excellent optical resolution in the 10nm range independent of the
wavelength [5] and allows for IR mapping the chemical composition [6], structural properties such as
strain [7], and free-carriers in semiconductor devices [8].

We use s-SNOM operating at IR frequencies between 890 and 1100 cm™ to measure the free-carrier
concentration in single modulation-doped InP nanowires. Fig. 1b shows a typical amplitude image of
two nanowires, revealing three segments. The highly doped central segment apprears much brighter
than the two adjacent undoped segments. This contrast can be explained by a plasmon-resonant near-
field interaction between the AFM tip and the free carriers in the doped nanowire segment. The near-
field resonance occurs close to the plasma frequency of the free carriers and shifts to higher
frequencies with an increasing free-carrier concentration n. We can thus determine the free-carrier
concentration by fitting the experimental spectra with model calculations describing the tip-sample near-
field interaction (Fig. 1c).

Imaging nanowires as thin as 20 nm, we find nanoscale variations of the free-carrier concentration,
which can be attributed to local growth defects. [9] The spatial resolution we achieve in these
experiments is about 20 nm (A/500), i.e. nearly three orders of magnitude below the diffraction limit.

With s-SNOM we provide a contactless, non-destructive optical nanoscopy tool, which allows
guantitative local measurements of the free-carrier concentration in semiconductor nanowires with
nanoscale spatial resolution. Improved modeling and spectral extension of s-SNOM to the THz
frequency range [10] could make the method a powerful tool for free-carrier profiling not only of
nanowires, but also of other semiconductor nanodevices and photonic nanostructures.
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Figures

Figure 1: Infrared near-field mapping of modulation doped InP nanowires. (a) Schematic illustration of
free-carrier profiling of modulation-doped semiconductor nanowires by infrared (IR) s-SNOM. (b)
Amplitude s, image of two representative InP nanowires recorded at an IR laser frequency of 893 cm™.
(c) Experimental (symbols) and calculated (solid lines) local IR near-field amplitude spectra along a
single InP nanowire.
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We study the excitation of Mie morphology dependent resonances (MDR), (i.e. whispering
gallery modes in dielectric nanocylinders and of localized surface plasmons in metallic ones), by
light transmitted through a subwavelength slit in a metallic slab. Calculations are done both by
the finite elements method and using FDTD simulations. We discuss the effect of that excitation
on extraordinary transmission by the slit, and compare it with cases in which there are only
evanescent or weakly propagating waves at the exit of the aperture. In this way, we show the
dominant role of the MDR over the aperture enhanced transmission as regards the resulting
transmitted intensity and its concentration inside the cylinders. When sets of these particles are
placed in front of the slit, like linear or bifurcated chains, with or without bends, one can control
the concentration of MDR in the stationary state by designing the parameters, so that these
surface waves are coupled by both waveguiding of the nanocylinder eigenmodes and by
scattered propagating waves. Also, the choice of the wavelength and polarization of the
illumination, allows to select the excitation of either bonding or antibonding states of the field
transmitted through the aperture into the particles. Metallic cylinders can exhibit nanoantenna
characteristics.

Besides, these MDR are further enhanced when a beam emerges from the slit, due to a
periodic corrugation in the slab.

F.J. Valdivia-Valero and M. Nieto-Vesperinas, Opt. Express 18, 6740 (2010).

Magnetic field modulus (A/m) of a slit in supertransmission. Wavelength: 750nm, p-polarization)
in presence of a dielectric cylinder (refractive index n = 3. 670+i0.005, radius r = 200nm) placed
at 50nm of the exit plane of the aperture. The WGH31 mode has been excited.



Magnetic field modulus (A/m) in a bifurcation with not vertical elbow (angle between chains at
bifurcation: 90°, elbow angle: 90°. Distance between cylinders: 0nm) of seven metallic cylinders
(refractive index n = 0.234+i1.275, radius r = 60nm) in front of a metallic slit (refractive index n =
0.135+i10.275, slab width: 2562.96nm, slab thickness: 258.13nm, slit width: 43.02nm) under p-
polarization, wavelength: 346nm). The LSP11 mode is excited.
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Optical microcavities are very relevant structures for optical processing of light, because they can trap
and confine electromagnetic energy during long times in very reduced volumes, enhancing this way
light-matter interaction [1]. Among the different technological platforms on which microcavities can be
produced, silicon is of uttermost importance because it can combine electronics and photonics at the
same time in a single device [2]. Recently, some of us reported on the synthesis of silicon microspheres
also called silicon colloids [3]. They are highly spherical particles with diameter from 0.5 to 5 ym and
with a very smooth surface. This allows them working as photonic microcavities, with well defined Mie
modes [3]. Here, we report on the coupling of silicon microspheres to Silicon-On-Insulator (SOI)
waveguides at telecom wavelengths (C-band). For this purpose, devices consisting of SOl waveguides
with microspheres deposited onto them are developed and their transmitted signal is measured. These
measurements are compared with theoretical calculations of Mie modes of the microspheres. Previous
reports about similar devices include 2D photonic crystal nanocavities coupled to photonic crystal
waveguides [4], ring shaped cavities coupled to SOl waveguides [5], and half millimeter diameter silicon
spheres coupled to optical fiber half couplers [6].

Silicon microspheres are obtained by chemical vapor deposition techniques, using di-silane as a
precursor gas [3]. The as-grown samples consist of a substrate with many isolated and clustered
spheres being the spheres poly-disperse with sizes from 0.5 to 5 um. The size of the sphere determines
which resonant modes posses a frequency within the transmission wavelength range of the silicon
waveguide and can therefore be coupled to it. For this reason, we performed a selection of spheres
(within the limited resolution of the optical microscope at 1000x magnification) having a diameter from
2.0 to 2.5 um approximately. For the precise determination of the diameter of the microsphere, optical
transmittance measurements were performed on each of the selected microspheres for the wavelength
range from 1 to 4 wm. We used a Fourier Transform Infrared Spectrometer Bruker IF 66/S for that
purpose. This allows identifying the resonant modes and precisely determining the sphere diameter by
fitting the measured signal to Mie theory [3]. Only those microspheres having resonant modes within the
transmission range of the waveguides were considered as candidates to build up the devices.

The accurate placement of the microspheres on top of the silicon waveguides was performed using a
micromanipulation technique we have developed. Different needle-shaped tools were fabricated for the
pick and place operation and for the fine positioning of the spheres on the waveguides. Figure 1 shows
an optical microscopy image (top view) of a silicon microsphere on top of a waveguide. The diameter of
the sphere shown in Fig. 1 is 2.49 um, determined using the process described above.

The silicon waveguides used for this device were produced on a standard SOITEC wafer by deep UV
lithography in an ePIXfab platform. They have a cross section of 500x220 nm? and their length is about
3 mm, finishing at their both ends by a grating coupler so that light can be easily in/out coupled to/from
the waveguides [7]. Both, waveguides and couplers were designed for transmitting only TE polarized
light around 1550 nm.

Light from an ASE source was coupled to the waveguide and the transmitted signal was measured by
a spectrum analyzer. The direction and the polarization of light for the waveguide-microsphere device
can be observed in the inset of Fig. 1. Figure 2 shows the light transmitted through the waveguide with
the microsphere placed on it (solid line, left axis), as well as the calculation by Mie theory of the light
transmitted through that microsphere when being isolated, i.e. without being placed on any substrate
(dashed line, right axis). The deeps in transmission for the isolated sphere case correspond to
whispering gallery modes, indicated in the figure by letters ‘a’ and ‘b’ for TM an TE modes respectively
and followed by two sub-indexes that account for the mode order [3]. We have associated the deeps in



the transmitted signal through the waveguide to the coupling of light to the resonances of the
microsphere. This way, the pronounced deep placed around 1535 nm would be originated from by,
mode, the less marked deep around 1543 nm from ag; mode and the much wider deep placed around
1580 nm from ag, mode. However, some discrepancies between theory and experiment are observed.
Mode b, does not give rise to a coupling effect and the coupled modes (byo1, 891 and as ) split into two
deeps. Several reasons may explain these discrepancies. Firstly, while in the calculation the sphere is
considered to be isolated, in the experiment it is placed on the silicon waveguide, therefore mode
degeneracy would be broken due to the waveguide coupling. Secondly the control on the position of the
microsphere is limited in the direction perpendicular to the waveguide, thus different coupling effects
can be produced depending on this position. Thirdly, the microsphere may have some defects that
could not be detected by optical microscopy and some type of absorption could be present. This would
decrease the quality factor of the resonances. Nevertheless, it should be stressed the strong and
peaked attenuation of the signal, of about 25 dB, achieved around 1535 nm.

We have demonstrated the coupling between a silicon waveguide and a silicon microsphere. The light
transmitted through the waveguide has been attenuated up to 25 dB for a wavelength corresponding to
one of the microsphere resonating modes. A splitting effect of the modes has also been observed.
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Figure 2. Measured light transmittance through a silicon waveguide
with a silicon microsphere positioned on it (solid line, left axis). And
simulation of the transmittance of the same silicon microsphere
being isolated (dashed line, right axis).
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Nanocrystalline materials are polycrystalline materials with a particle size in the nanometer range that
have different physical, optical, electronic, chemical and structural properties, because they have a
larger fraction of surface atoms than larger-scale materials [1]. These nanocrystals could be the first
step for preparing nanoceramic laser material because of the enhancement of the sintering activity
due to the nanometric size dimension [2]. Nanoceramics are very attractive as solid state lasers due to
their several advantages respect to the bulk single crystal, such as low cost, easy fabrication and good
mechanical and optical properties. Furthermore, ceramics significantly improve the thermal shock
parameter and resistance to laser damage allowing high power laser operation [3].

Since 1998, highly transparent ceramic lasers have been fabricated by vacuum sintering, using
nanocrystalline materials such as Nd:Y3Als01, (Nd:YAG)[4], Nd:Lu,03 [5], Yb:Sc,0; [6], and Yb:Lu,O3
[7]. Recently, the high-pressure low-temperature technique (HPLT) has emerged to obtain transparent
ceramic lasers such as YAG [8] and RE:YAG [9,10]. The most outstanding advantage of the HPLT
method, with respect to other techniques, is the low sintering temperature required to prepare the
ceramic material. In addition, it is a new, non-conventional method for avoiding grain growth during
sintering.

KRE(WO,), (RE = Eu*, Gd*, Er*" and Yb*), RE,0O; (RE = Sc**, Ho*, Er*,Yb* and Lu*)
nanocrystals for solid state laser applications were synthesized by the modified Pechini method
[11,12,13] (figure 1). The Pechini method is an alternative sol-gel technology used to synthesize
nanocrystals [14]. The sol-gel process offers several advantages, such as low cost, versatility,
simplicity, low processing temperature and a high degree of homogeneity. The experimental variables
were optimized as a function of the desired material to synthesize. The synthesis of nanocrystals is
the starting point to obtain ceramic materials using the high pressure low temperature method (figure
2).

Fig. 1: Nanocrystsls synthesized using the Fig. 2: (a) 0.5% at. Ho:Lu,O3 and (b) 10% at. Ho:Lu,O3 nanoceramics.
modified Pechini method.

e

Fig. 3: HRTEM image and electron diffraction analyses of (a) KREW nanocrystals and (b) RE,O3 nanocrystals

The structural characterization of nanocrystals was investigated by a number of techniques, the most
common being X-ray diffraction and electron diffraction. Figure 3 shows an example of high resolution



transmission electronic microscopy of the oxide nanocrystals, where it’s possible to observe the lattice
plane fringes indicating the high degree of crystallinity. The Fast Fourier Transform pattern and the
electron diffraction pattern were used to index the lattice planes in accordance to their crystalline
phase. On the other hand, the morphology, the average particle size and the particle size distributions
were carried out using electronic microscopy (figure 4). Moreover, the optical absorption and
luminescence measurements were performed at room and low temperature in order to determine the
energy levels of the electronic states.

Fig. 4: SEM image of (a) KREW nanocrystals and (b) RE>O3 nanocrystals
and TEM images of (c) KREW nanocrystals and (d) RE;O3; nanocrystals
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Recent advances in nanotechnology and nanoscience involving materials with magnetic properties
(magneto-optical materials) [1,2,3,4] as well as those with unconventional optical properties
(metamaterials) [5,6] have been performed, awakening a growing interest in this matter. The possibility
of modeling the properties of such materials, and even design them in a customized way, is highly
appreciated and currently constitutes a hot point. Furthermore, comparison and further agreement
between experimental results and some theoretical framework is a constant requirement by researchers
in those fields. In particular, the presence of a relative magnetic permeability p, different from 1 (even
negative or tensorial) requires the revision and upgrading of the commonly available electromagnetic
numerical methods [7,8].

In this sense, our Group has been working, during the last years, in the generalization of some widely
used numerical methods, such as the extinction theorem [9]. Other approaches include Mie theory
applied to materials with arbitrary optical constants &€ and p [10,11] and the discrete dipole
approximation (DDA by its acronym in English) [12,13,14,15]. In this work we focus on the second: an
extension of the DDA to the case of bianisotropic materials (both € and p tensorial magnitudes) [16].
The use of commercial software, like COMSOL, FDTD or DDSCAT (based on DDA), is helping as well
to understand the required new point of view.

In this research we present an overview of the formalism of this extension together with some early
results showing the potential of this new tool, and also verifying its reliability. At present, extinction,
absorption and scattering cross-sections can be readily obtained, including scattering patterns at any
given plane, and dipole moment distributions (3D) for p and m (electric and magnetic). Polarimetric
calculations can also be accomplished for any given incident wave polarization. Also, inhomogeneities
can be taken into account, providing a good position to study systems involving more than one material,
like nanoshells [17].

To check the reliability of the code, we have performed some calculations on systems at reach for
conventional methods. Two examples are displayed in the next figures. Figure 1 shows the well-known
zero-backscattering feature of a small particle (R~0.011) satisfying Kerker’'s condition (e=p) [18]. Figure
2 shows the extinction efficiency of both a gold sphere of radius R=20 nm, and a sphere with a dielectric
(e=2) core (inclusion) of radius R=12 nm and a metallic (gold) shell, for an external radius R=20 nm.
Comparison between our code [16] and the well-proved DDSCAT code from B. T. Draine [14,15] is also
presented.
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Figure 1: Scattering pattern of a sphere of radius R~0.01A satisfying Kerker’s condition (e=pu=2). The
scattering plane coincides with the incident plane, with the incident wave being P-polarized.
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Figure 2: extinction efficiency of both a gold sphere of radius R=20 nm, and a sphere with a dielectric
(e=2) core (inclusion) of radius R=12 nm and a metallic (gold) shell, for an external radius R=20 nm.
Comparison between our code and the well-established DDSCAT code is also provided.
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Optical metamaterials, or more specifically left-handed materials incorporating a negative phase velocity
with power flow in the opposing direction, have been theoretically proven to exhibit phenomena such as
sub-wavelength resolution, reverse Doppler effect, and Cherenkov radiation to name a few [1,2].
Although experiments have verified the existence of negative index materials [3,4] by inducing a strong
magnetic and electric response from the medium, losses remain a major limitation in the optical regime
[5,6]. For this purpose, it has been shown that some gases such as neon could be used to induce a
negative index of refraction with low absorption rates affecting optical wavelengths of light in coherently
driven media [7,8]. In addition, recent publications have pointed out that if one considers
magnetoelectric cross coupling, a negative index of refraction can be achieved without requiring
negative permeability, which has been the largest impediment thus far in the field, since typical
transition magnetic dipole moments are smaller than electric ones by a factor of the order of the fine
structure constant [9,10]. Using a semi-classical approach to model the interaction of light with atomic
media, we simulate pump-probe experiments and investigate the effects of the material's response, i.e.
its polarization and magnetization, that could lead to media which are tunable between the active and
passive regimes as well as bistable in its permittivity and permeability. Potentially active and/or bistable
media could be used to conceive a new class of “ambidextrous” materials which can be easily
manipulated between left and right handedness.
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G. Campo, F. Pineider, C. de Julian Fernandez, E. Fantechi, C. Sangregorio, A. Caneschi,
D. Gatteschi

Department of Chemistry, University of Florence, INSTM, 50019, Sesto Fiorentino,ltaly
giulio.campo@fi.infn.it

This work is devoted to the study of the magneto-optical properties of magneto-plasmonic particle
based nanostructures. Magneto-plasmonic systems conjugate two materials, a magnetic one (e.g. transition
metal) and an element exhibiting localized surface plasmonic resonance (typically noble metals: Au, Ag). By
combining these features, it has been recently demonstrated the possibility of developing active magneto-
plasmonics systems in which it is possible the modulation of plasmon resonance with an external magnetic
field. [5] Moreover, plasmon-mediated enhancement of the magneto-optical response is possible. [6,7,8] In
particular, the conjugation of magnetic and plasmonic properties in nanoparticulated structures offers a wide
variety of applications in biomedicine: in theranostics, in which the gold shell acts as a protecting agent for
the magnetic core, [1] as a highly functionalisable surface, [2] as an optical heater [3] or as an active optical
beacon. [4]

The novel magneto-optical properties of the magneto-plasmonic systems are investigated measuring
the magnetic circular dichroism (MCD), whereby the different absorption of right- and left-circular polarized
light is used to probe the magnetization state of an absorbing sample. Our experimental configuration allows
us to carry out room-temperature spectroscopic measurements in the Vis-nIR range (400-1000 nm). In
addition, we carried out magnetization cycles at different wavelength, in order to resolve the magnetic
contributions due to different electronic transitions or contributions.

We analysed hybrid systems containing gold and ferrites in different geometries, that exhibit different
levels of conjugation, thus a variable extent of interaction of magnetic and plasmonic functions, ranging from
no interaction (separate gold and ferrite particles), to weak (particle heterodimers) and strong interaction
(gold-core@ferrite-shell particles).

The first results indicate that the single MCD responses of the ferrite and noble metal do not sum
linearly (i.e. mix of separate particles), suggesting a plasmon amplified MO response and an energy shift of
the plasmonic resonance in the MO spectrum . In addition, the MCD study of our hybrid systems allowed us
to separate the single MO components of plasmonic and magnetic compounds and to evaluate their degree
of hybridization with one another.
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During the last decade it has been shown the spontaneous emission of an isolated quantum
emitter can be coupled to single cavity mode [1]. More recently, the strong coupling between single
quantum dots and two-dimensional photonic crystal micro-cavities has been demonstrated [2, 3]. In
this work we have studied elongated L7-type cavities in 2D photonic crystals fabricated on InP
substrates and containing InAs/InP QWRs grown by molecular beam epitaxy [4, 5], a promising
system for telecommunication wavelengths. This system has been characterized by means of
confocal micro-photoluminescence (micro-PL) and time resolved micro-photoluminescence (micro-
TRPL) at 77K. The typical micro-PL spectrum of the quantum wires outside the cavities extends
over 150 nm as shown in Fig. 1 (bottom), and typical decay times measured under low excitation
regime varies between 2.1 and 2.6 ns (red squares on the top of Fig. 1). Recently it has been
demonstrated room temperature continuous wave laser operation in the fundamental mode of L7
cavities [6]. For this reason, our samples are excited by means of a 980 nm wavelength laser dioe
(resonant to the InP barrier) avoiding the contribution of the stimulated emission. This way the
cavity resonances can be studied below the lasing threshold. As a result, a noticeable enhancement
of the spontaneous emission is observed mainly for the first three modes. This fact is consistent
with the quality factors reached by the cavity resonances (21600, 7040 and 1640 for modes

emitting on 1480, 1460 and 1410 nm respectively) and its small modal volume ~ (I \/n)3. On the
other hand, the micro-PL decay time values measured at these modes (blue spheres on the top of
figure 1) are smaller than decay times measured at the quantum wires outside the cavity, which
suggests a certain Purcell effect even though under low coupling regime (a Purcell Factor close to
1.5). Such result are going to be discussed and compared with previous reports together with the
possibility to reach the strong coupling regime using self-assembled QWRs as active media [7, 8].
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Figurel. (Top) Micro-TRPL spectrum of InAs/InP quantum wires (red squares and dashed
line) accompanied of the measured decay times at the cavity resonances (blue spheres). On
the bottom, the emission of the different modes (blue line) is compared with QWR emission
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The field of organic electronics is entering its commercial phase. Organic solar cells are emerging as a
major area of interest, prompted both by favorable government policy in alternative energy and by the
increasing commercial opportunities as cell performance improves. Bulk heterojunction photovoltaic
devices, based on polymer/fullerene-blend films, are advancing rapidly toward commercial viability since
they can achieve a compromise between power conversion efficiency and compatibility with the type of
manufacturing processes that enable low-cost production. Improvements in device efficiency are being
achieved by focusing on new materials that have well-designed electronic energy levels capable of
generating larger cell voltages, absorbing more light, improving charge separation, avoiding losses from
the recombination of generated charges, and having optimal transport properties. Electrode materials
are also an important subject of investigation, with the replacement of indium tin oxide (ITO) by lower
cost printable inks being a particular focus. Nonetheless, an alternative strategy so as to achieve device
efficiencies in excess of 4% is to improve the photocurrent by enhancing light absorption by increasing
the exposed surface.

The Applied Optoelectronics Group for Agricultural Engineering, in collaboration with the MEMS Lab at
San Diego State University (San Diego, CA), has developed a novel 3D architecture of organic PV cells
that is, in most aspects, a significant departure from existing technologies. It consists of organic
photoactive material and 3D carbon-based charge collectors with decreased diffusion length and
increased light absorption area enabled by large electrode surface area. As shown in the figures, the
core concept employs a 3-dimensional photovoltaic cell of several microns depth consisting of a large
array of high-aspect ratio carbon electrodes of few microns diameter surrounded by a matrix of
heterojunction photoactive material. The carbon electrodes introduced here replace conventional thin
film metal electrodes such as aluminum and ITO which require expensive vacuum deposition
(transparency is not a must, due to the electron flow direction, which is traditionally perpendicular to the
surface). These 3D carbon electrodes are patterned through a lithography process followed by pyrolysis
of SU-8 negative photoresist. The patterning consists of two layers: the bottom layer is for the wire
traces that connect a series of anodes and cathodes separately whereas the second layer consists of
the high-aspect ratio electrodes. Electrodes are not layered, but staggered. The photoactive material is
spin-coated on the microarray of electrodes: heterojunction photoactive polymer such as a blend of
P3HT (poly(3-hexylthiophene)) and PCBM (phenyl-C61-butyric acid methyl ester). All processes, except
aluminum deposition, are performed under natural environment conditions.

A short circuit current density of 2.03 mA/cm? is demonstrated on a cloudy day under AM1.21G light.

Figures

2D, 2.5D, and 3D concept representations
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Manufacture steps (from leftto righ: (1) Electrical connection patterned wafer after the first lthography step; (2) SEM image of high aspect ratio SU-8 pasts; (3)
SEM image of a sample anode after PEDQT:PSS was applied; (4) SEM image of PIHTIPCBM coated SU-8 composite; (5) SEM image of aluminum electrode
contact area; (8] Generation Il chip with bonding pads; (7) SEM Images showing the micro array of electrodes in a single staggered chip; (8) SEM Images of 10
10 Generation | chip at an 80° tlt angle (cross-section).
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1. Introduction

Porous silicon has attracted a great deal of attention because it makes it possible to produce a new
generation of both active and passive optoelectronic devices [1]. This material can be obtained by HF
electrochemical etching of silicon, which generates a range of refractive indices by changing the current
density during anodization process. The thickness is determined by the time for which the current is
applied [2]. It has excellent mechanical and thermal properties and is obviously compatible with silicon-
based microelectronics. The anisotropy of Porous silicon has been reported in the literature [3] therefore
in order to perform a good characterization of this kind of structures, an anisotropic humerical method
must to be employed.

In this work we characterize by the transfer matrix method (TMM) [4] the dimensions and dispersion
properties of two anisotropic porous silicon structures. From a previous analysis of the dimensions by
mean of scanning electron microscopy (SEM) we fit these dimensions comparing the reflectance
obtained by a Fourier transform infrared spectroscopy (FTIR) and the reflectance simulated by the
TMM.

2. Results and discussion

The two structures analyzed in this work are composed by the stacking of two kinds of monolayers. The
ordinary and extraordinary refraction index of these monolayers has been obtained by spectroscopic
ellipsometry. The reflectance data has been obtained at an incident angle of 12° for the wavelength
range of 1-4 um at 5 nm intervals. The dispersive refractive index of the silicon substrate is obtained
from [5].

The first structure is composed of two different layers, A and B. Table 1 summarizes the dimensions
and refractive indexes obtained with SEM and ellipsometry and adjusted by TMM. Fig. 1 shows the
three spectra, the experimental spectrum (square marker), the spectrum simulated by TMM considering
the previous dimensions (doted line) and the spectrum obtained by fitting the dimensions and dispersion
(solid line). As it can be seen, a good adjustment can be obtained and only one of the features of the
spectra is not matching with the experimental and simulated spectrum. The mismatch between the
dimensions estimated by SEM and those estimated by fitting are 2,42% for the A layer and 6,20% for
the B layer.

The second structure is composed of four layers, where the stacking is BABA. Table 2 summarizes the
dimensions and refractive indexes obtained with SEM and ellipsometry and fitted by TMM. Fig. 2 shows
the three spectra, the experimental spectrum (square marker), the spectrum simulated by TMM
considering the previous dimensions (doted line) and the spectrum obtained by fitting the dimensions
and dispersion (solid line). As can be seen, again a good agreement between experimental and
simulated spectrum is obtained. The differences between the dimensions obtained by SEM and our
simulation are 3,42% for the first layer, 1,05% for the second layer, 4,95% for the third layer, and 8,84%
for the fourth layer.
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Wavelength A B
(nm) No Ne d (um) No Ne d (um)
Previous 1-4 1,41 1,55 0,62 1,83 2,02 1,29
1-1,64 1,41 1,55 1,83 2,02
TMM fitting 1,64-2,24 1,41 1,55 0,635 1,8 2 1,21
2,24-4 1,4 1,53 1,79 1,98
Table 1. Refraction index and length of the structure 1.
Wavelength B A B A
(um) N | ne [d@m | ne | ne [d@m ] ne | ne | dwm) | ne [ ne | d@m
Previous 14 1,83 | 2,02 1,29 1,41 | 1,55 0,62 1,83 | 2,02 1,29 1,41 | 1,55 0,62
1-1,3 1,84 | 2,02 1,41 | 1,55 1,84 | 2,02 1,41 | 1,55
f}l;i\fr':g 1,3-1,6 1,83 | 2,02 0,725 1,41 | 1,55 0,385 1,83 | 2,02 0,785 1,41 | 1,55 0,48
1,6-4 1,79 | 1,98 14 | 1,53 1,79 | 1,98 14 | 1,53

Table 2. Refraction index and length of the structure 2.
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Surface plasmon excitation using a variation of Kretschmann method based on light guiding through an
optical fiber has been extensively studied in the literature. However, scarce studies exist concerning
plastic optical based sensors, most probably due to their particularly bad propagation conditions. An
inexpensive low cost sensor using this type of fiber is herein demonstrated. Through careful design,
modeling and fabrication conditions a film/fiber configuration is obtained with a unique resonance.
While both “frontal” and “oblique” (Fig.1) gold film depositions in curved fibers produce several
plasmonic resonances, a parallel-planar film-fiber configuration produces a single spectral resonance
(Fig.2) with a well defined gold thin film layer thickness dependence. Both sensor fabrication and
measurement schemes will be presented, and the specific problems faced because of the multimodal
character of the fiber described. A roadmap to design a low cost sensor based in the structures studied,
and a theoretical formalism that describes the main experimental findings, based on the transmission
matrix, will be presented
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Rare earth (RE) doped materials are drawing much attention for many display and lighting devices such
as plasma displays panels, electroluminescence and light-emitting diodes [1,2] since they can offer
higher luminous efficiencies and lower manufacturing costs. On the other hand, the synthesis and
preparation of RE doped nanocrystals of some laser materials is the first step in order to obtain their
transparent laser ceramic. The use of ceramics as an alternative to single crystals is justified in some
compounds, in which the crystal growth is difficult and has a high cost. Furthermore, the ceramics show
better thermo-mechanical properties, such as the thermal shock parameter and resistance to the laser
damage [1]. Highly transparent cubic ceramic materials Y3Als04, (YAG) and RE sesquioxides RE,O;
have received great attention due to the improvement reached in nanocrystalline technology [2,3,4]. The
RE,O; oxides are interesting as laser materials for high power applications due to their high thermal
conductivity, low phonon energy values and strong crystal field for the active ion [5].

We focused our attention in Lu,O; doped with thulium (Tm*"). The tunable laser emission of Tm**
around two microns has many interesting applications such as remote sensing and medicine, for
instance, based on the atmospheric transparency window and the absorption of water at this
wavelength range, respectively. It is well-known that the Lu,O3; matrix is highly chemical and thermal
stable and has a broad optical transparence from the visible to the NIR regions [6]. The synthesis of
nanocrystals with high crystalline quality and narrow size distribution is an important first step towards
obtaining transparent laser ceramic materials. These two factors allow a more dense packing of the
particles and minimizing light scattering.

Tm** doped Lu,0O3 nanocrystals Lu,,Tm,O3; with x = 0.01 — 0.3 (i.e., 0.5 - 15 mol at. % Tm3+) were
synthesized by a modified Sol- gel Pechini method. The maximum temperature at which these crystals
have been synthesized has been 1073 K. In all cases, the obtained nanoparticles crystallize in the cubic
system, with the space group of symmetry /a3. The mean particle size in all the cases was below 100
nm. We studied the evolution of the grain size with temperature and linear thermal expansion coefficient
has been determined, 7.5 x 10° K, and a grain growth activation energy value 76 kJ/mol for x = 0.15.
No grain growth was observed until smterlng at 1073 K. It has been observed in literature that there is a
dependence of the grain size growth in relation with the doplng -RE*" concentration [7]. However, no
dependence of the size was observed as a function of Tm®" content.

The photolummescence spectra show the large crystal field splitting characteristic of sesquioxides. We
have observed that the H4 and F4 luminescence decays after short pulse excitation at 800 nm with low
enough Tm** concentration exhibit non exponential kinetics, which can be analytically reproduced by
the sum of two exponential regimes. The shortest one would correspond to the emission of Tm® ions at
the surface of the nanoparticles and the longest one to Tm®"ions in the body of the nanoparticles, which
in principal should approach to the value obtained in Tm -doped Lu,03 bulk single crystals. The fast and
slow decay components decrease with increasing Tm®*" concentration.

Cathodoluminescent properties of the thulium doped nanocrystals have been investigated. The blue
emission of the thulium doped nanocrystals had a CIE chromaticity coordinates of x=0.200, y=0.156
with a dominant wavelength of 468 nm. A color purity of 54% has been obtained in comparison with CIE
Standard llluminant C. The excitation voltage for cathodoluminescence measurement was 15 kV and
the probe current 20 nA. Besides the major blue emission peak at 457 nm, a few minor peaks at 362,
724 and 812 nm were identified. (there are peaks at other positions, which are attributed to other
lanthanide elements contamlnatlon) These peaks are characteristic of transitions between electronic
energy levels of Tm*" ions. The major peak centered at 457 nm corresponds to the transition from
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1G4—>‘°’H6, while the transitions from 1D2—>3H6, 1G4—>3F4, and 1G4—>3H5 of the Tm** ion are related to the
emission peaks at 364, 680 and 813 nm, respectively.
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Many efforts have been done to improve light trapping in solar cells by reducing the reflectance
on the top surface [1-3]. Even though new technologies are coming up [4-6], silicon solar cells
are the most widespread type of solar cell in the current market so improving their efficiency is
still interesting. In this work, a very easy method to pattern 1D photonic crystals (PC) on silicon
solar cells to improve the light trapping is presented.

Several PCs have been simulated using OptiFDTD software with the objective of choosing the
best structure to reduce the reflectance at the silicon surface. To minimize the number of
simulations, a Design of Experiments (DOE) technique has been used to study the relationship
between the reflectance of the surface and the PC’s dimensions (p, a, h). With DOE, three sorts
of structures have been studied obtaining the optimum dimensions for each kind of PC. A
diagram of the different PC studied in shown in Fig.1. Simulations have concluded that
rectangular PCs have lower reflectance than the others types.

Several rectangular PCs have been fabricated with Laser Interference Lithography (LIL) and
Reactive lon Etching (RIE). LIL is a method to easily pattern large areas (in the range of 10cm
diameter) with nano-gratings or nano-grids [7] on a photoresist. The tool used for this work is
known as “Lloyd’s Mirror” and uses the interference of a coherent laser beam. Images of
fabricated PCs obtained with Scanning Electron Microscope (SEM) are shown in Fig.2a) and b).
The reflectance of this fabricated PC has been measured with a spectrophotometer and
compared with simulation results. One example is shown in Fig.3, where the good agreement
between both data can be seen.

In summary, 1D PCs can be easily patterned in large areas to reduce the reflectance on silicon
solar cells. The pattern could be done on others substrates, so this improvement could be
applicable to others types of solar cells. Also, different structures could be done in the future
with this method to reduce even more the reflectance.
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Linear wire antennas commonly used at radio frequencies' are very effective structures to scale
antenna properties down to optical frequencies. A combination of metallic rods separated by a few
nanometers, in so-called gap-antennas, produces strong near fields at the gapz. Here we investigate the
resonant behavior of such structures formed by flat interfaces at the gap and separation distances
smaller than 1 nanometer. We perform electromagnetic simulations of the extinction and near-field
properties of the flat-gap antennas using the boundary element method (BEM)®.

The extinction cross section is dominated by a clear maximum (Figure 1a) of dipolar nature, as revealed
by the distribution of the near field (Figure 1c). Other weaker peaks appear at shorter wavelengths. As
expected from previous work, decreasing the gap down to distances of a few nanometer results in a
clear redshift of the dipolar peak. However, in contrast to previous work for metallic spheres“, we find a
saturation of the redshift for distances smaller than approximately one nanometer. Similarly, the
strength of the different extinction maxima also saturates. We connect this distinctive behavior with the
dimensionality of the antenna flat-gap that allows the formation of a new set of very localized cavity
modes.

The spectral behavior of the near fields at the gap center present a more complex structure, with
numerous peaks as illustrated in Figure 1b. Both the position and strength of the maximum field
enhancement show a non-trivial dependence with separation distance. We interpret our results in terms
of the coexistence of two different sets of resonant plasmonic modes. The maxima in the extinction
cross section correspond to charge oscillations along the antenna axis, in analogy to the behavior of
classical wire antennas at radio frequencies. Nevertheless we notice that at optical frequencies one
needs to consider the excitation of plasmons5 and how they are influenced by the gap. The spectral
behavior of the near fields at the gap show considerably more peaks than the extinction, which we
explain by the excitation of the second set of modes, associated to the gap. Such gaps can be seen as
metal insulator metal structures supporting cavity modes® in the horizontal direction, i.e. perpendicular to
the antenna axis. These plasmonic modes have no equivalence in classical antenna theory. The
interplay between the two different types of modes helps to explain not only the nature of the different
peaks, but also their strength: stronger near fields are observed when modes along the rod axis and
horizontal cavity modes in the gap coincide in their spectral positions.

Perspectives for future work include the use of experimental dielectric constants, instead of a Drude
description as presented here, and the consideration of quantum effects for the smallest separation
distances at the gap [7].
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Figures 1: (a) Extinction spectra and (b) near field enhancement at the gap center, for a gap of 4
atomic units. (c) Near fields in a vertical plane for the resonance marked 1 in (a). (d,e) Near fields
in a vertical (e) and an horizontal (d) plane for the resonance marked 2 in (b). Notice how the
near-field spectrum in (b) peaks up at the position of the extinction maxima (a).
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During the last decade, an increasing interest has been devoted to the analysis of the interplay
between plasmon resonances and magneto-optical (MO) effects [1], since the plasmon resonances
can be used to enhance the MO response [2-4] and the MO effect can be used to control the plasmon
propagation [5].

A great number of the studies of the MO enhancement due to plasmon excitation have been carried
out in the so-called Polar Kerr configuration for MO active nanostructures (either dots or antidots) [2]
or when metal nanostructures have been put into contact with continuous films of MO active material
[3]. However, in the Transverse Kerr configuration the studies focus on metallic nanostructures over
continuous films [4].

Here we will cover that gap and study the Transverse Kerr Magneto-Optical Effect (TMOKE) of iron
hexagonally perforated films (470nm pitch, 100nm thickness and radii of 248nm and 297nm
respectively). We observe a large enhancement of the TKOME signal with respect to that of the
continuous film, and relate that frequencies to the possibility of surface plasmon excitations. We will
also analyze their dependence on the hole radius and compare the results to a continuous iron film of
same thickness.

Apart from the orientation of the magnetic field the TMOKE differs from the Polar configuration in the
angle of incidence of the light beam: the Polar effect is studied at normal incidence, whereas the
TMOKE needs to be off normal, since the signal is zero otherwise. This means that when the
nanostructuration is realized in a periodic fashion (see Fig. 1) there is an additional parameter to take
into account: the azimuth (in-plane) angle. We will thus also analyze the TMOKE enhancement as a
function of the crystal orientation of the sample plane with respect to the incident light beam as shown
in the experimental TMOKE spectra in Fig 1.
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Fig. 1: Scanning Electron Micrograph of the Fe antidot array and a sketch showing the geometry and
the first Brillouin zone of the in-plane lattice structure. Three characteristic TMOKE spectra obtained at
different azimuth angles (/=30 deg) showing the dependence of the TMOKE signal on the relative
orientation of the impinging beam and the 2-D crystallographic high symmetry axis.



FDTD study of quasi-random photonic structures obtained by electrochemical etching

Josep Ferré-Borrull*, Mohammad Mahbubur Rahman11, Ivan Maksymovz, Lluis F. Marsal', and Josep
Pallarés

(1) Departament d'Enginyeria Electronica, Electrica i Automatica
Universitat Rovira i Virgili Avda. Paisos Catalans 26, 43007 Tarragona, Spain
(2) Kharkov National University of Radio Electronics, 14 Lenina Ave., 61166, Kharkov, Ukraine

lluis.marsal@urv.cat

1. Introduction

Photonic crystals are structures with very relevant properties that come up from the periodic structuring
at the wavelength scale[1, 2]. In this sense, they are not crystals in the sense of molecular crystals, but
metacrystals with photonic properties beyond those of their constituent materials. On this basis, many
new materials have been studied and applied in photonics, for instance metamaterials achieve negative
refractive index with the proper periodic combination of the metallic and dielectric components[3]. There
exist however, non-periodic structures with remarkable photonic properties based on their geometrical
characteristics: quasicrytals may show complete photonic band gaps with lower refractive index contrast
than their periodic counterparts because of their higher rotational symmetry[4], random photonic
structures take advantage of Anderson localization to achieve random lasers[5].

In this communication we report on the investigation on a different kind of structures: random structures
obtained by electrochemical etching. More concisely, we study macroporous silicon and nanoporous
anodic alumina structures. Photonic crystals based on macroporous silicon are usually obtained by
electrochemical etching after a previous lithography to define the periodic pattern. If this first step is
omitted, the macropores grow randomly on Si but with a certain degree of order, giving rise to properties
in-between those of the periodic and of the random structures. Nanoporous anodic alumina[6,7] is a
material widely investigated and applied in nanotechnology[8]. It is obtained by the electrochemical
etching of aluminium and, under the adequate conditions, the porous structure shows a self-ordered
lattice with a two-dimensional triangular periodic arrangement[6,7]. The lattice constant can be tuned
from some tens of nanometres up to some hundreds. Although this triangular arrangement can be
achieved over a long range if a prepatterning on the aluminium surface is applied[9], in the absence of
such preprocessing the regular triangular arrangement is broken into domains with a size of some tens
of lattice sites and randomly oriented. Fig. 1 shows an example of each of the structures. Fig. 1a)
corresponds to the surface of a random macroporous silicon sample, while Figs. 1b) and 1c) correspond
to a nanoporous alumina structure.

A certain degree of order can be appreciated in the figures, for both structures. In this work we will study
the photonic properties of such structures by means of FDTD calculations, and in particular, the
existence of photonic pseudo-gaps and Anderson localization.

2. Results and discussion

As an example of the results obtained so far, Fig. 2 shows the result of the calculation of transmittance
on a selected substructure of the nanoporous anodic alumina structure. The calculations have been
performed by choosing a substructure of the structure in Fig. 1b) with a definite size and computing with
the help of FDTD the transmission of a plane wave with a Gaussian frequency spectrum through the
substructure. The chosen substructure is previously idealized by locating the positions of the pores by
means of standard image processing techniques and by replacing such pores by ideal circular holes.
The transmission spectrum through the structures is then normalized to the spectrum of the propagation
in free-space of the same Gaussian beam. The spectra in Fig. 2 correspond to the average of 20
spectra corresponding to 20 substructures at different sites on the sample. The plots correspond to
increasing sizes of the subset, as indicated in the caption. The graphs show also the standard deviation
of the transmittance for the set of substructures.

These spectra show that, with increasing size of the sample subset, a minimum in the transmission, that
can be denominated as a pseudo-gap, appears around the normalized frequency wa/2mc=0.42. Table 1
summarizes the pseudo-gap parameters for the different substructure sizes. This pseudo-gap appears
in the frequency range corresponding to a characteristic distance of the same order of the average
interpore distance in the sample. The widening of the low transmittance region indicates that, as the
thickness of the structure increases, the photonic band gap effect becomes more intense.
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anodic alumina sample where the local ordering and the breaking into domains can be appreciated, and c) magnified
view of the nanoporous anodic alumina where the triangular arrangement of the pores and some dislocation points are
illustrated.
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Figure 2. Average transmittance and standard deviation of the transmittance for the set of substructures considered for a defined
substructure size. a) 5.1 ym x 5.1 ym, b) 6.3 ym x 6.3 pym and c) 7.6 ym x 7.6 ym.

Substructure Size Pseudo-gap lower limit Pseudo-gap upper limit Pseudo-gap width
(MMxum) (wa/2trc) (wa/21e) (wa/2trC)
5.1x5.1 0.41 0.44 0.03
6.3 x6.3 0.40 0.44 0.04
7.6x7.6 0.41 0.46 0.05

Table 1. Pseudo-gap limits and pseudo-gap width for the different subset sizes for the TE polarization.
The pseudo-gap is estimated by the largest continuous range with transmittance below 0.1.
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We present the measurement of gain length in photonic crystals doped with laser dye. A gain
enhancement is experimentally observed for light propagating along the '-K symmetry direction
in reciprocal space, while a strong inhibition is measured for directions characterized by a lower
degree of crystal symmetry. These results are theoretically explained by comparing the optical
gain to the calculated density of states along the crystal directions.

We find a six-fold increase of the gain in opal photonic crystal, as compared to the
homogeneous film, and a more than 20-fold variation between -K and less symmetrical
directions, in the same photonic crystal. This enhancement is due to a large increase of the
density of the available modes around the I'-K direction. Large variation of the gain in photonic
crystal show the impact of the tailored density of states on light generation and amplification and
open the way to enhancement of other phenomena like non-linear wave mixing and harmonic
generation. Our result show how nanostructured media could be at the basis of the
development of novel lasing sources with exceptional tunability, directionality and efficiency
while being plastic photonics CMOS compatible, and candidates for in-board interconnections
for future generation computers
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Size effects on the dipolar plasmon resonance of small metallic particles were studied several years ago
[1]. It is well known that for a spherical particle in the quasi-static limit (size—0), the electric plasmon
resonance, also called “Fréhlich resonance”, appears at e=-2¢&,, £and &, being the electric permittivity of
the particle and the surrounding medium, respectively. However, for finite size particles but still smaller
than the incident wavelength, the plasmon mode is slightly shifted to the red part of the spectrum and
follows the relation

€= -(2+1—52 x2)em (1)

where x= kRz(% Rj is the size parameter, R is the radius of the particle, k the wavenumber and A

the incident wavelength.

This theoretical result was obtained for particles that only have electric properties (¢=7). However, the
new engineered materials, known as metamaterials [2], are providing us with structures (from micro to
nano scales) [3, 4] that respond to both the electric and the magnetic part of the incident field. Recent
studies have extended this kind of materials from microwaves to the visible part of the spectrum, with
the appearance of new phenomena like the negative refraction [5]. Also, metamaterials force us to
generalize the well-known scattering theories by considering diffusers with electric and magnetic
properties [6]. In particular, we have devoted this work to the analysis of the dipolar plasmon resonance,
“the Frohlich resonance”, for scatterers with unconventional optical properties.

Although metamaterials are internally structured or present complex geometries [7], when A is long
enough compared with their inner structures, we can model them as spherical particles with given size
and effective optical properties [8]. In this sense, we have considered the diffuser system as a single
spherical nanoparticle with € and g different from 1. In Fig. 1, we show the evolution of the electric
permittivity for which the electric plasmon resonance is excited (&esonant) @S @ function of both the particle
size and the magnetic permeability. It can be seen that if the particle size approaches zero, the resonant
permittivity is located at &=-2 (supposed &,=1). If x=1 (Fig. 1a), as R changes the section of the curve
can be described with Eq. (1). However, for g#1 the behavior becomes more complex. Also, if we
consider negative values for the magnetic permeability (Fig. 1b), the size evolution of the resonance is
even more complex than the positive case. In order to explain these new features, we have made a
detailed analysis of the first Mie coefficient, a; (which produces the plasmon resonance), obtaining the
equivalent relation to Eq.(1) but including the magnetic contribution. Finally, by means of the e-u
symmetry that present the two first Mie coefficients [1], the results for the electric plasmon resonance,
due to maximum values of a;, can be extended to the magnetic plasmon mode ( maximum values of
b,).

References

[1] C. F. Bohren and D. R. Huffman, Absorption and Scattering of Light by Small Particles (Wyley, New
York, 1983).

[2] A.K. Sharichev and V. M. Shalaev, Electrodynamics of Metamaterials (World Scientific, Singapore,
2007).

[3] E. Ekmekci, K. Topalli, T. Akin and G.Turhan-Sayan, “A tunable multi-band metamaterial design
using micro-split SRR structures”, Opt. Express 17(18), 16046-16058 (2009)

[4] J. K. Gansel, M. Thiel, M. S. Rill, M. Decker, K. Bade, V. Saile, G. von Freymann, S. Linden and M.
Wegener, “Gold helix photonic metamaterials as bradband circular polarizer”, Science 325, 1513-1515
(2009).

[5] O. Hess, “Optics:Farewell to Flatland”, Nature 455, 299-300 (2009).

[6] B. Garcia-Camara, F. Moreno, F. Gonzalez, J.M. Saiz and G. Videen, “Light scattering resonances
in small particles with electric and magnetic properties”, J. Opt. Soc. Am. A 25, 327-334 (2008).



[7]1 N. A. Mirin and N.J. Halas, “Light-bending nanoparticles”, Nano Lett. 9, 1255-1259 (2009).

[8] D.R. Smith, S. Schultz, P .Markos and C.M. Soukoulis,” Determination of effective permittivity and
permeability of metamaterials from reflection and transmission coefficients ” Phys. Rev. B 65, 195104
(2002).

Figures

E
G
&
£
=
B -3
w
g "
H . "
3 :
r.35~ .
4 S ; = s
B ey i ; B —"" 04
B i e "g gy
4 e Ty, 008
Wegneliz Permagbiley. 2 ‘T 002 Riimes incident wavelength)
12+
44
=
£-18
5
a
& 18+
=
&
o .24
B
£
2 .22
e
24
26l T
0 Tl

6 i
-4
Magnatic Permeability

Fig. 1. 3D plot of the evolution of the resonant electric permittivity (€,esonant) fOr @ spherical small particle
as a function of the particle size (R) and the magnetic permeability (x). # has been considered either
positive (a) or negative (b).
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In this poster we present a new platform for simple fabrication of monolithic photonic integration based
on a vertically displaced waveguides for active and passive devices. Light is transferred between the
waveguides via very low loss vertical resonant coupler to allow very compact and efficient active-
passive power transference.

The most important feature of this platform is the upper core quasi guided mode that we call DCA mode.
DCA mode presents a very atypical behavior in bends. The leakage loss has a resonant behavior when
the radius of curvature is modified.

The use of DCA technology would make it possible to fabricate microring resonator devices without the
requirements of wafer bonding or regrowth technology. This way, DCA technology would make it
possible to produce microring laser anywhere in the chip.
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Electromagnetic scattering from nanometer-scale objects has long been a topic of large interest and
relevance to fields from astrophysics or meteorology to biophysics and material science [1]. During the
last decade nano-optics has developed itself as a very active field within the nanotechnology
community. Much of it has to do with plasmon (propagating) based subwavelength optics and
applications [2]. Also, isolated metallic particles supporting localized plasmons have attracted a great
deal of interest due to their ability to concentrate the electromagnetic field in subwavelength (some tens
of nanometers) volumes. As a result, the studies in the field often involve the contributions of small
elements or particles where the dipole approximation may be sufficient to describe the optical response.
Examples of applications are on telecommunications [3], spontaneous emission rates and fluorescence
[4], sensors [5], energy harvesting [6], optical forces and trapping [7] or medical therapy [8]. The
capabilities and applicability of all these promising examples can be largely enhanced if some degree of
tunability is added. These capacities can be endorsed by exploiting different x-optic effect (thermo-,
electro-, magneto-, piezo-) where an external agent modifies some elements of the dielectric tensor, €,
in some extent [9] which, in general, will be non-diagonal. Most of the previous works on small
anisotropic spherical particles, consider the dipolar approximation (DA) in the electrostatic limit [10]. By
taking into account the fact that the polarization within the sphere is uniform, the polarizability is usually
written as

a, = 3V(g — & i’Xg +2¢g, |“)‘1 (1)

being v=47a°/3 the particle and &, the relative permittivity of the host medium at the point where the
particle is placed. The host medium is assumed to be isotropic. Different extensions, including
anisotropic and bianisotropic nonspherical particles, have been considered in the literature.

However, in most of the cases, the energy balance between absorption and scattering has not been
considered. In particular, in absence of absorption, the polarizability tensor given by Eq. (1) does not
fulfill the Optical Theorem. For isotropic particles (where the polarizability is a scalar quantity), radiative
corrections to the electrostatic polarizability [1] solve the problem of energy conservation in absence of
absorption. Even in the case of absorbing particles, extended radiative corrections have been shown to
be relevant to determine the effective permittivity of metallic nanoparticle doped composites. However,
these corrections have not been considered in the context of scattering from small anisotropic particles.
In this work [11] we analyze the polarizability of small dielectrically anisotropic particles including
radiative corrections. We describe the general properties of any polarizability tensor consistent with the
Optical Theorem and we derive a generalized polarizability tensor equivalent to the extended
polarizability tensor arising in the so-called “strong couple dipole method ” (S-CDM). We show that, in
absence of absorption, it is consistent with the optical theorem. These results are of general
applicability. As an important application, we are going to restrict ourselves to the magneto-optical case,
where the presence of a magnetic field alters some of the non-diagonal components of the dielectric
tensor. Depending on the relative orientation of the sample, incidence plane and magnetic-field the
affected elements will vary, conferring different effects. In the so-called “polar” configuration, where the
magnetic field is applied perpendicular to the sample plane and parallel to the light incidence plane and
the main effect is a rotation of the polarization state, it has been shown that the plasmon excitation
largely modifies the rotation due to the strong enhancement and localization of the EM field. As we will
show, the polarizability given by Eq. (1) wrongly predicts the absence of Kerr rotation for non-absorbing
magneto-optical particles.
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Since the discovery of Extraordinary Optical Transmission (EOT) [1], through optically thick films drilled
with arrays of square holes, numerous works have explored different parameter configurations of two-
dimensional hole arrays (2DHAs) [2]. As regards to geometrical parameters, it has been found that the
hole shape can strongly influence both the polarization properties and the intensity of the transmission.
On the other hand, in the Ebbesen’s configuration [1] the metal film is opaque. In this case, the EOT
process involves surface modes at each side of the film which couple through the holes [3]. Note that
continuous metal films (thin enough to be translucent), also present transmission resonances when
periodically corrugated. In this configuration, resonant spectral features are related to the surface
plasmon polaritons (SPPs) of the thin film, the so called Short Range SPPs (SRs) and Long Range
SPPs (LRs) [4].

We present here a recent theoretical study on the optical transmission through square hole arrays
drilled in optically thin films [5]. We study the effect of diminishing the film thickness, going from optically
thick films to films as thin as approximately one “skin depth” (~20nm). The main finding is that EOT
peaks are due to the excitation of SR resonances, therefore their spectral position depend strongly on
both lattice parameter and metal thickness. On the contrary, LRs do not appreciably contribute to
transmission spectra. The figure below shows zero-order transmittance curves as a function of the film
thickness, for a structure defined by the parameters given in the figure caption. As we can see in panel
(b), both maxima and minima red-shift as the metal thickness decreases. We have also found
transmission features appearing close to the SR plasmon polariton energies for small holes (not
shown). Any relevant transmission feature seems to be related to the excitation of LR surface plasmons.
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Figures

Figure: (a) Zero-order transmittance through 2DHAs in gold, as a function of the film thickness
(P= 400nm, a = 160nm). The whole system is embedded in a dielectric medium (g = 2.25). The
spectral position as a function of w for both the EOT maximum (triangular symbols) an the EOT
minimum (circular symbols) are shown in panel (b). Dashed lines summarize data obtained from
panel (a), while solid lines are used for data taken from the asymmetric configuration where the

hole array is placed on a substrate (¢ = 2.25), air elsewhere. The horizontal dashed line renders

0,75+

o
s

Lranamittance
|

(a

Film thickness, w [nm)

——16 - - -20

40 ----- 80 -

T

0,00 . - T T T
s00 600 T00 800 800 1000 1100
Wavelength(nm)
l i £
11uﬂ_ " E‘i (b)
E 1000- L/ Em
= | L a
<= W
B 900 M 5
E 1% —
% Eﬂﬂ— L . —h :
= 700{ A5, h'\
1 SI'PP . i =" _r.rnf‘_‘_!'l : _'!|
20 40 60 200 250 300

the SPP energy at k=2n/P.

Film thickness(nm)



Size dependence of nonlinear optical response in Si-nanocrystals

S. Hernandez,' A. Martinez,' O. Jambois," P. Pellegrino,1 P. Miska,? M. Griin,? H. Rinnert,> M. Vergnat2
and B. Garrido'

" MIND-IN2UB, Departament d’Electronica, Universitat de Barcelona, Marti i Franquées 1, 08028
Barcelona, Spain.
2 Institut Jean Lamour, UMR CNRS 7198 — Nancy Université — UPV Metz, France.

Contact e-mail: shernandez@el.ub.es

Silicon nanocrystals (Si-nc) embedded in oxide matrices have been proposed as active material for
nonlinear photonic applications, as their nonlinear optical properties were found to be larger than the
ones in silica or Si. A strong size dependence of their nonlinear optical properties has been observed by
different authors, nevertheless they show a large scatter in their data [1, 2]. Therefore, an accurate
knowledge of their nonlinear optical properties as a function of the Si-nc size is crucial for the
conception and design of highly efficient new photonic structures and the control of their performance.

Here we present a z-scan study of SiO/SiO, multilayers exciting in the ns-regime with pulses of
A =1064 nm. Films were deposited by evaporation and annealed up to 1000 °C in a conventional
furnace for 10 minutes. As a consequence, Si-nc were precipitate with sizes from 2 nm up to 5 nm. In
Fig. 1 we present an energy filtered TEM image of a typical sample with Si-nc of 3 nm. A high density of
Si-nc can be observed homogeneously distributed along the films. Similar results were also obtained in
the whole set of samples. Raman measurements have revealed a sharp feature around 518 cm”
indicating that the Si-precipitates have high crystal quality. A linear optical characterization of the layers
has been performed by means of photoluminescence and optical absorption, finding that the energy
emission and the band increase as the Si-nc size is reduced.

The nonlinear absorption and nonlinear refractive index have been measured by z-scan experiments
using a ns-pulsed Nd:AG laser working at A = 1064 nm. The z-scan traces have shown a position
dependence transmittance in both the open and close aperture configurations, indicating that both
absorptive and refractive nonlinearities arise in the Si-nc/SiO, system under these excitation conditions.
The films have been analyzed in open and close aperture configurations, in order to determine both
non-linear absorption and non-linear refractive index in the ns-regime. Using expression developed by
Sheik-Bahae [3], we fitted the experimental from open and close aperture configurations and we
extracted the nonlinear absorption coefficient and the nonlinear refractive index of the SiO/SiO,
multilayer system.

In Fig. 2 we present the nonlinear absorption coefficient and nonlinear refractive index for SiO/SiO,
multilayered samples with different Si-nc size. The nonlinear absorption coefficient and the nonlinear
refractive increase from 1.0 x 10° to 1.8 x 10° cm/W and from -4.2 x 10" to -7.6 x 107" cm?/W,
respectively, as the Si-nc increases from 2 to 5 nm. A similar increasing trend with the Si-nc size can be
observed when the nonlinear response is normalized to the Si excess, as shown in the inset of Fig. 2, in
contrast to previous studies performed in Si-nc where a reduction of the nonlinear optical response is
observed for larger Si-ncs [1].

In order to determine the origin of the observed nonlinear behavior in the Si-nc/SiO, multilayered
system, we have analyzed their nonlinear optical response using a nonlinear model which includes the
changes in the free-carrier concentration and possible thermal contributions induced by the high
excitation fluencies. In this time domain (ns), we found that the excitation of free carriers is the main
mechanism contributing to the nonlinear optical response.

We acknowledge financial support from the Spanish Ministry of Science and Innovation (EUI2008-
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d’Universitats i Recerca de la Generalitat de Catalunya and the European Social Fund.
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Figures

Figurel. EFTEM images of sample with Si-nc of 3 nm. The light contrast is referred to Si-nanoparticles.
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Figure 2. Nonlinear absorption coefficient (left axis, in blue) and nonlinear refractive index (right axis, in
magenta) of the SiO/SiO, multilayered system as a function of the Si-nc size. ). In the inset, B and n, as
a function of the Si-nc size, once normalized by the Si excess in the samples.
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Photonic crystals are artificial materials with a periodic variation in the index of refraction which leads to
the formation of forbidden optical bands (the so-called photonic band gaps, PBG) [1]. Significant efforts
have been undertaken in order to fabricate micro- and nano-structures that meet the requirements for
3D photonic crystals, such as periodicity in all three dimensions, high dielectric contrast and very good
uniformity in large scales. Macroporous silicon [2], produced by electrochemical etching of silicon in HF
solutions, has proved to meet these requirements and has become an excellent material for the
development of 2D and 3D photonic crystals. An example of a macroporous silicon structure can be
seen in Fig. 1.

A prominent feature of the electrochemical etching technique is its flexibility in 3D sculpturing of silicon.
Since the distribution of the pores in the plane can be defined by a lithographic process and the
periodicity along the pore axis can be controlled independently, a great variety of pore geometries and
distributions can be designed to meet specific optical behaviors [3]. Consequently the dispersion
relation may be modified by changing the shape of pore diameter modulation. The freedom in adjusting
the pore diameter, makes it easier the incorporation of planar defects, whose dimensions and thus
spectral positions, can be designed beforehand.

In this work we report on the fabrication and optical characterization of 3D macroporous silicon
structures. FT-IR spectrometry measurements of the reflectivity and transmitivity along the pore axis
reveal PBG, which are also confirmed by simulations of band dispersion, as seen in Fig. 2. We study the
influence of pore modulation on the band gap properties (spectral width and position). In addition,
thermal emission is inhibited in the band gap region which allows us to tailor the emission spectrum of
the material.

We study the optical properties of three-dimensional structures obtained by post-etching treatments of
the macroporous arrays. Adjacent pores can be widened [4] and become connected thus providing 3D
structures with very high porosities and new photonic crystal geometries.
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Figures

Fig. 1. SEM pictures of macroporous silicon samples with modulated pores. Periodicities are 2('m in all
three dimensions. (a) Large-scale stable structures can be performed. (b) Post-processing allows the
definition of new geometries and shapes.
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Fig. 2. Simulated dispersion relation of macroprous silicon sample in the pore direction. FT-IR
measurements have been carried out with a 4[/m-periodicity structure. PBG (shaded in yellow) reveals
as a spectral region with 100% reflectivity and 0% transmitivity.
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A new strategy to control the flow of surface plasmon polaritons (SPPs) at metallic surfaces is
presented. It is based on the application of the concept of Transformation Optics (TO), a
theoretical frame proposed [1,2] as a general technique to design complex electromagnetic
(EM) media with unusual properties. TO provides us with expressions for the dielectric
permittivity tensor, €, and the magnetic permeability tensor, , that need to be implemented in
order to obtain a medium with a designed functionality.

Practical realizations of the idea of TO include the construction of a two-dimensional cylindrical
invisibility cloak for EM plane waves and the construction of broad-band ground-plane cloaks [3]
in the microwave [4] and optical [5,6] regimes. These experiments made use of metamaterials,
[7] artificially structured materials made up of subwavelength constituents and designed to
implement a prescribed response to EM fields. Besides, a wide variety of applications other
than cloaking has been recently presented, including beam shifters and beam dividers [8], or
lenses with subwavelength resolution [9].

On the other hand, one of the main goals in Plasmonics is to control the flow of light at a metal
surface by means of the SPPs that decorate a metal-dielectric interface. In our work [10], we
present a new strategy to tackle this problem by showing that the TO framework can be applied
to mold the propagation of SPPs at a metal surface. We develop a general methodology for the
design of Transformation-Optical devices for SPPs, based on the use of TO to devise the
optical parameters that need to be implemented in order to obtained the desired functionality.
Then, we show that a simplified version of the TO recipe in which the optical parameters are
implemented only in the dielectric on top of the metal surface leads to quasi-perfect
functionalities. We analyze, for proof-of-principle purposes, three representative examples with
different functionalities: a beam shifter (see Fig. 1), a cylindrical cloak (see Fig. 2) and a ground-
plane cloak (see Fig. 3).
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Figures

Figure 1: SPP at 1.5 ym travelling along a gold-vacuum interface and entering into a 3D beam shifter.
The color map represents the normalized magnetic field pattern and the red lines are power flow
streamlines. The beam shifter is constituted by two rectangular metamaterials with inplane dimensions
2.5 ym x 10 ym and thicknesses hy = 6 ym in the dielectric side and h,, = 50 nm in the metal side. The
inset of the figure shows the basic geometry from a top view.

Figure 2: Schematic picture showing of a 3D cylindrical cloak for an SPP travelling through a gold-
vacuum interface. The cylindrical region in the dielectric side comprised between the inner radius a =
1.5 ym and the outer radius b=2a and 6 ym high constitutes the metamaterial were the TO parameters
are implemented. The color map at the metal surface is the normalized scattered magnetic field for a
SPP at 1.5 ym.

(@)

=

(=]
magnetic field intensity

Figure 3: Two-dimensional ground-plane cloak for a SPP at 600nm that travels in the x-direction along a
gold surface. The cloaked object is a cos2-shaped gold bump, 1250 nm long and with a height of hO =
200 nm. The metamaterial acting as the cloak is 750 nm high. The color map shows the normalized
magnetic field pattern.
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In this paper, novel soft/hard and high impedance surfaces based in new geometries are
presented. We analyze the properties of surface wave propagation through these structures
made of printed modified strips. The new shapes for the strips are the coupled lines topology
and the spiral one, both are provided with metalised via holes in a lateral position. The size
reductions for new shapes when compared with strip-loaded surface are 14% and 23%
respectively. The presented structures are very suitable to improve efficiency and to reduce
mutual coupling in antenna applications.

Periodic structures have received much attention in antenna applications during the last years.
Very interesting case are the soft and hard surfaces. The basic implementations of these
surfaces are corrugations in a metal plate or metal strips (Fig. 1) on a grounded dielectric slab
[1]. Miniaturization of microwave components and antennas has become increasingly important
in recent years [2][3][4]. In this paper miniaturized horizontal corrugations and miniaturized EBG
elements, based on new topologies for the strips, are investigated. The work shows how a
reduction in size can be achieved by taking advantage of the impedance transformation related
with the new shape [3]. Different shapes are proposed including a coupled lines structure and a
spiral shape. In the two cases the forbidden frequency band moves towards lower frequencies.
These modified planar corrugations are composed of novel topologies for the strips and vias
that connect the strip with the ground plane. These new structures achieve a size reduction
compared to conventional horizontal corrugations and elements. A numerical characterization of
the new topologies and its stop band behaviour is described in the paper.
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Fig. 1 Different realisations of soft surfaces. (a) Classical transverse corrugations. (b)
Horizontal Corrugations
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Fig. 2 Geometries of the studied surfaces. Strip-loaded with vias (a).Coupled lines shape (b).
Spiral line shape (c)
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Fig. 4 Different realizations of Soft/Hard and High Impedance surfaces
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Experimental data on giant enhancement of photoluminescence and absorption of light by photo-diode
system’s semiconductor layer covered with metallic nanospheres [1-6] provides an evidence of a
possibility to significantly increase efficiency of solar cells. Application of special metallic nanoparticle
coverings of photo-active surfaces has been found to induce a light converting effect, collecting energy
of incident photons in surface plasmon oscillations. This energy can be next transferred to
semiconductor substrate in much more efficient manner in comparison to the direct photo-effect.
Experimental observations suggest, that the near-field coupling between plasmons in nanospheres and
electrons in the semiconductor substrate allows for significant growth of selective light energy
transformation into a photo-current in a diode system. We argue that due to nanoscale of the metallic
components the momentum is not conserved in this transition, which leads to allowance of all indirect
optical interband transitions in semiconductor layer, resulting in enhancement of a photo-current in
comparison to the ordinary photo-effect when only direct interband transitions were admitted. Though
the effect is selectively ranged to a vicinity of the resonant plasmon frequency, the gain in the total
efficiency would be enlarged by possible dispersing of dimension and shape (or by a dielectric coating)
of metallic nanoparticles, widening the resonant spectrum. An explanation of a large plasmon-induced
PV efficiency enhancement of metallically surface-modified photo-cell is presented by inclusion of all
indirect inter-band electron transitions in semiconductor due to near-field coupling with plasmon
radiation of a nano-scale metallic components. The model of nano-sphere plasmon is formulated within
RPA-type approach in an analogy to Pines-Bohm bulk plasmon theory [7], adjusted to large clusters [8].
Damping of plasmons is analyzed including irradiation losses due to the Lorentz friction [9]. Probability
of the interband transition in substrate semiconductor caused by the coupling with plasmons in near-
field regime turns out to be 4-order larger than for coupling of electrons with planar-wave photons.
Inclusion of proximity and interference effects allows for explanation of photo-current growth measured
in experimental metallically modified photo-diode systems.
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Two-dimensional photonic crystals (PC) structures possess very attractive features for integrated
microphotonics. Their ability to modify, tailor and confine electromagnetic fields at the nanoscale has led
to the design of compact laser sources and optical resonators. PC-based microcavity can present a
large quality factor (Q) while preserving a small modal volume (V), thus enabling the high Q/V ratio
required for studying cavity quantum electrodynamics at the single source level.

To analyze the coupling between the sources and the cavity, one must observe directly and locally
the field distribution inside the cavity. Because of the small size of such a cavity, far-field techniques,
which are usually diffraction-limited, fail to achieve the needed resolution. In previous study we showed
that near-field scanning optical microscopy (NSOM) is an efficient tool to probe the local distribution of
the electromagnetic field in the PC-based microcavity on a subwavelength level [1,2]. Indeed these
information yield the real field distribution as far as the coupling between the NSOM probe and the
photonic crystal mode remains weak.

In the present work, comparison between 3D-FDTD simulations and experimental results on active
stick microcavities will be presented to emphasize the effect of the probe material on the emission
wavelength and the relative induced losses [3], and the importance of the probe shape when observing
directly and locally the field distribution with SNOM.
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Tunability is challenging in photonics. The possibility to either passively or actively modify the optical
properties of photonic devices opens new applications especially in sensing and light emitting devices.
Among all the structures suitable to be implemented as tuning devices, photonic and plasmonic crystals
have become two of the most powerful techniques. Recently, coupling between both kinds of structures
has shown to provide exceptional properties especially concerning light emission control at visible and
near infrared range [1]. From this point of view, more affordable implentations compared to usual
lithographic techniques has been proposed making use of the high quality self-assembled photonic
crystals fabrication methods. By growing a monolayer of polystyrene spheres (diameter size similar to
working wavelength) on a gold substrate it is possible to obtain hybrid photonic-plasmonic resonances
coupling [2]. Modal distribution of those hybrid modes is largely dependent on the lattice parameter as
well as on the filling fraction of the monolayer of spheres. In addition, if an emitter is placed in the field
confinement region for one given mode, emission can be enhanced as well as tuned to the required
frequency by choosing the appropriate sphere diameter.
In this work we present an easy implementation method to tune the modal distribution of that system by
homogeneously reduce sphere diameter while lattice parameter is kept constant. Applying oxygen
plasma etching for a very accurate controlled time we have obtained control over filling fraction (ff) of
the photonic crystal. Reductions were performed from the as-grown close packed (ff = 0.52) to largely
reduced sphere size (ff < 10) while quality of the photonic lattice was shown to keep very high. Both
experimental and theoretical study of the optical response was performed in normal incidence
reflectance. Modes of the system (shown as large dips in reflectance) largely blueshift with sphere
reduction, especially those with waveguided character. Sensibility of mode spectral position to filling
fraction variations was investigated for 1 um diameter polystyrene spheres by reflectance
measurements in diameter reduction steps as low as 10 nm. Almost linear blueshift was observed for
every mode. Numerical simulations for reflectance have shown good agreement with experimental
results. Field profile into the structure was studied in order to evaluate how changes on sphere
diameter affect mode shape. Larger changes were found for waveguided-like modes compared to
plasmonic ones as would be expected from studies reported in bibliography for these structures (Figure
1).
As a step forward, changes on emission distribution with filling fraction was studied. To do that, red dye
dopped PS 520 nm diameter spheres (emission maxima at aprox. 590 nm) were grown on gold
substrate. Several steps on sphere reduction were performed and changes for emission maxima were
measured typically happening at the same spectral position were a dip in reflectance is shown. It was
found that, as expected, emission spectrum was blueshift in the same amount that was is monitorize for
reflectance (Figure 2). This provides a proof of principle of tuning of the emission peaks to the required
spectral position while the structural modification is very accurately monitorize by normal reflectance
measurements.

This results demonstrate that this fine tuning process could be used for passive or active
devices leading to high performance but low cost structures as for example biosensors or OLED.
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Figure 1. a) Normal incidence reflectance at three different etching steps. Top to bottom: A® = 0, 50 and
100 nm. Experimental (black) and theoretic spectra (red) are compared. b) Total field intensity distribution
and its evolution with sphere resizing for the first three modes in the left panel.
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Figure 2. Emission (in arbitrary units) contour plot for a monolayer of 520 nm dye doped PS spheres in a
continuous filling fraction reduction process. Oxigen plasma etching was carried out from the close packed
scenario (ff =0.52) to a final filling fraction of ff = 0.36.
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From the theoretical side, the calculation of electromagnetic fields on a metal surface in the optical
regime is a well-defined but difficult problem that requires a trade-off between ambition and numerical
cost, as well as between quantitative and qualitative descriptions of the system under consideration. In
the last five years, we have made use of the modal expansion technique in order to reach such a
difficult balance when dealing with the scattering of surface plasmon-polaritons by one-dimensional
nano-indentations [1-3]. Here, we continue our journey towards quantitative description of surface-
plasmon Bragg mirrors by extending our study to the case in which surface impedance boundary
conditions are applied to all metal/dielectric interfaces.

More precisely, we have carried out extensive numerical simulations with the aim of determining the set
of geometrical parameters (depth, width and position of the indentations) that provide optimal
performance under given fabrication and operation conditions. In addition to global figures of merit, we
have also studied the relative influence of different parameters, which can be understood in terms of
cavity mode excitation and in-phase reemission [4].

References

[1] F. Lopez-Tejeira et al., Phys. Rev. B, 72 (2005) 161405.

[2] A.Yu. Nikitin et al., Phys. Rev. B, 75 (2007) 035129.

[3] F. Lopez-Tejeira et al., Appl. Phys. A, 89 (2007) 251.

[4] F. J. Garcia-Vidal et al., Phys. Rev. Lett., 90 (2003) 213901.


mailto:flt@unizar.es




Subwavelength focusing at optical frequencies achieved by an inverse designed photonic
silicon integrated device

José Marqués-Hueso®, Lorenzo Sanchis’, Benoit Clqzelz, Frédérique de Fornel’ and Juan Martinez-
Pastor

'UMDO, Institut of Material Science, Department of Applied Physics,
University of Valencia, P.O. Box 22085, 46071 Valencia, Spain
Groupe d'Optique de Champ Proche, Laboratoire Interdisciplinaire Carnot de Bourgogne (ICB),
UMR CNRS 5209, Université de Bourgogne, 9, avenue A. Savary, BP 47870, 21078 Dijon, France
jose.marques@uv.es

Perfect lensing has been extensively studied since 2000, when Pendry [1] described how evanescent
modes allow restoration of subwavelength detail at the image plane.

The structures for perfect lensing can be based on dielectric-based photonic crystals (PCs) [2] whose
dispersion properties can be engineered so that at specific frequencies in the vicinity of the photonic
band gap, negative refraction [3, 4] and subwavelength imaging [5] can be achieved. The first
experimental evidence was obtained in the microwave regime and demonstrated single-beam negative
refraction and superlensing in the valence band of a two-dimensional PC [6]. Subwavelength focusing
experiments operating at optical frequencies have been done with photonic lenses made of air holes in
a semiconductor slab. The measurements have been done by different techniques [7, 8], with the most
accurate and detailed being the SNOM measurements [9, 10].

In this work, we have attempted an innovative approach in the field of subwavelength focusing through
photonic crystals. We have designed a photonic crystal silicon integrated lens, able to focus an
impinging front wave in a spot freely located by us, by an inverse design method based on a genetic
algorithm and the bidimensional multiple scattering theory [11]. These techniques allow us to obtain
unexpected structures with the desired functionality [12], in contrast to the inefficient direct design based
in intuition and the “trial and error” scheme. The device consists of a matrix of holes of 300 nm diameter
in a semiconductor slab where some voids have been selectively removed by the genetic algorithm (see
Fig.1.a). As the calculation volume limits the design to a bidimensional space, the obtained 2D
optimized PC structure has been simulated by a 3D finite difference time domain method to validate the
design, with positive results (Fig.1.b-c).

The experimental demonstration has been achieved by the fabrication of the device in silicon and
measurements of the field intensity distribution on the device surface by Scanning Near-field Optical
Microscopy (SNOM).

The device has been fabricated by electron beam lithography and fluorinated ICP plasma etching in a
340 nm thick silicon layer on top of a silicon dioxide box-layer (Silicon-On-Insulator technology).

The experimental near-field measurements show the performance of the device (Fig.2.a-b), and the
correlation with the theoretical results and simulations (compare Fig.1.c and Fig.2.b).

The device has shown subwavelength focusing in the vicinity of the silicon surface, with the measured
full width at half maximum of the focus being 0.23A,, which is in good agreement with the finite
difference time domain method simulations (Fig.2.c), and which overcomes the diffraction limit in air,
where the measurements are made.

Moreover, the lens has shown additional advantages over previous photonic devices. The design
method allows us to position the focus in a location freely determined by us, which contrasts with the
lenses based in the equifrequency curves, where the focus must be placed in the symmetry axis and
near the photonic structure.

The inverse design also allows non-punctual sources to be dealt with, in our case with a plane wave
front. Finally, the fabricated lens presents a performance over a broad bandwidth, experimentally
demonstrated between 1500 and 1580 nm, while the previous PC lenses have a bandwidth of a few
nanometers [10].
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Figures

Figure 1. (a) SEM image of the fabricated photonic device. (b) Intensity of the electric field distribution
calculated by FDTD on the surface of the designed device. (c) Intensity of the electric field distribution
calculated by FDTD after the addition of a constant field.
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Figure 2. (a) Direct measurement of the electric field intensity by SNOM. (b) SNOM measurement after
filtering the optical noise, showing agreement with the simulation of Fig.1.c, with transversal full width at
half maximum of the focus of 0.23A,. (¢) Comparison of the transversal sections of the calculated and
simulated electric field intensities.
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Micro- and nanostructures fabricated from conjugated polymers have attracted interest due to their
potential applications such as sensors, polymer light-emitting diodes, polymer solar cells, and other
electronic and photonic devices [1]. Different synthesis methods have been proposed for fabrication of
organic structures: nanoimprinting, nanolithography, electrospinning, template-assisted synthesis [2].
The last one has the advantage of being able to create large area and ordered arrays of structures with
control over structural parameters. This method does not require specialized equipment and it is
applicable to a wide range of materials such as polymers, metals and semiconductors [3]. Anodized
aluminium oxide has become one of the most common nano-templates for the preparation of different
nanometer-sized structures. Under appropriate anodization conditions, long-range-ordered anodic
porous alumina with an ideally ordered nanopores arrangement can be obtained [4].

Herein, we report the fabrication of ordered nanostructures employing a template wetting method, which
entails infiltration of a polymeric solution into self-ordered anodic aluminium oxide. Porous alumina
template was prepared by two-step anodization process of aluminium metal in an acidic solution. This
material is used as template because it is possible to fabricated nanoporous anodic alumina with quasi-
hexagonal pore arrangement in an expensive way. The geometric features are controlled by adjusting of
anodization voltage, temperature, kind of acid electrolyte and concentration. The resulting
nanostructures present pore depths between 150 nm to 300 nm and pore diameters between 50 nm to
300 nm. Figure 1 shows the cross sectional and top view a ESEM images of the self ordered alumina
template.

Polymer nanopillars were obtained via infiltration using different types of polymers such as
poly(thiophenes) and polyfluorenes. Figure 2 shows ESEM images of poly(3-hexylthiophene-2,5-diyl)
(P3HT) and poly(9,9-dioctylfluorene) (PFO) nanopillar structures after removing the alumina template
by immersion in a sodium hydroxide (NaOH) solution.

The resulting polymeric nanostructures were characterized by optical (UV-Visible and
photoluminescence) and electrical (current sensing atomic force microscopy) techniques. These
polymer nanopillars were also analyzed by Raman spectroscopy and X-ray diffraction (u-XRD) in order
to study the orientation of the polymer chains inside the nanopillar.

The presented polymer ordered nanostructures can be used in different photonic and optoelectronic
applications such as polymer light emitting diodes and nanostructured polymer solar cells. This
fabrication process could be extended to other copolymers depend on later applications.
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Figures

Figure 1. Cross-sectional and top view ESEM images of self-ordered alumina template with different
pore depths and pore diameters.

Figure 2. ESEM images of PFO and P3HT nanopillars after removing the alumina template.
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The spontaneous emission properties of a quantum emitter can be affected by the presence of
neighbour structures [1], due to the modification of the partial local density of states accessible
from the emitter. Nearby metallic waveguides could enhance the decay rate into guided
plasmonic modes compared with the rest of decay channels [2]. The above property enables
strong and coherent coupling due to the small volume associated with the subwalength
confinement inherent in these modes [3], making them efficient energy carriers between
emitters [4].

We present calculations studying the decay rates of an emitter in presence of neighbour
metallic waveguides and the plasmonic energy transfer between two emitters coupled to them.
These properties can be studied classically through the emitted power in the weak coupling
regime replacing the quantum emitter by a classical dipole [5].
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In the present work, a temperature gradient induced in water under external optical excitation is
measured by using luminescent nanoparticles and confocal fluorescent microscopy. A pump-and-probe
experiment, in an aqueous solution containing NaYF4:Yb3+,Er3+ nanoparticles, was designed for this
purpose . Changes in a particular doublet emission of Er** ion are used to optically measure water
temperature and temperature gradients. Temperature measurements in liquid solutions with sub-
micrometer spatial resolution is a quite interesting and active research area.

For biomedical applications these thermal probes must be monodispersed in water. To date, many
nano-temperature-sensitive compounds have been used as nano-thermometers.

These compounds include metallic nanotubes, carbon nanotubes doped with gallium and a wide range
of luminescent nanoparticles, such as ZnS:Mn** or CdTe.

It appears very interesting to use dielectric nanocrystals codoped with Er** and Yb** as nano-sensors.
This is because this couple of luminescent ions has a relatively high infrared to visible up-conversion
luminescence efficiency by means of an effective Yb** >Er** energy transfer, and sharp emission lines
due to acceptor Er** ion. In addition, the Yb>* donor ion has absorption bands in the infrared, around
980nm, a wavelength that is in the so-called biological window.

To date, most of the studies in the field of temperature measurement with these nanocrystals have been
limited to nanoparticles in powder form. However, NaYF, nanocrystals can be made monodispersed in
liquids. Therefore they could be used as biocompatible nano probes.

Properly coated, these nanoparticles are soluble in polar solvents, as water. We used this solvent also
because the idea was to take advantage of the heat load experienced by water under an infrared
excitation beam at 980nm. Such excitation beam would produce a thermal gradient related to the
absorbed power profile that can be imaged by means of the Er** luminescence of the nanoparticles.

For this purpose, hydrophilic NaYF,: Yb, Er (PEl-capped) nanoparticles (2 mol % Er*, 18 mol % Yb3+)
with an average size of 18 nm were synthesized by a solvothermal process. Then they were solved in of
water (1% in weight) and the solution was excited by 980nm, a radiation which is also absorbed by the
Yb®* ions that subsequently transfer its excitation to the Er* ions. To measure the temperature
dependence of the Er*" emitted light, the sample was mounted on the top of a resistor connected to a
thermocouple, so that we could monitor the sample temperature and, at the same time, the
luminescence of the nanoparticles. The emitted light was sent to a monochromator (SPEX Industries
model 500 M) followed by a CCD mark Synapse. Data were processed through the program LabSpec 5.
In Figure 1 the Er®* spectrum in the wavelength range 510-580nm is shown for two different
temperatures. A change in the relative intensities of the 520nm (483,294I15,2) and 540nm (2H11,294I15,2)
Er*" bands occurs when increasing temperature. This change is due to a thermal redistribution in the
population of the “S,, and ?H,, excited states of Er** ions.
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Figure 2 shows a semi logarithmic plot of the intensity ratio versus the reciprocal temperature

S4 0T

1 +
(;). From this graph we have a temperature calibration of our system by means of the Er®

luminescence.

Once we have calibrated our nano-thermometer the next step is to estimate the possibility of “gradient
temperature measurements”. For this purpose a pump-probe experiment was designed. By one side,
the sample was illuminated by a 1.7 W, 980nm tightly focused laser beam (“the pump”) that produces a
thermal gradient due to a gradient in the light absorbed by water at the focal area.
The left side of Figure 3 shows this gradient measured by means of a fluorescence intensity image. The
intensity is higher in the focal volume of the pump laser beam and becomes smaller as far as we get
away from it. Now, by using another laser resonant to the Er** ions (488nm, “the probe”) we were able
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to determine a temperature map as can be seen on the right side of Figure 3. In this map we can clearly
appreciate the temperature gradient from the focal point (29°) and the non illuminate area (22°). This
result is quite promising for measuring intracellular temperature variations.
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Surface plasmons (SPs) are collective excitations of the free electrons at the interface between a metallic
structure and a dielectric. This phenomenon can be optically observed in thin metals, in metal
nanostructures and nanoparticles (NPs). Optical excitations remain localized in space in case of
nanostructures [1-2]. Their unique properties enable a wide range of practical applications, having been in
the past decade one of the most preferred sensing platforms for gas detection and biosensing [3] with high
sensitivity and low cost. It is well-known that surface plasmon resonance (SPR) strongly depends on the
refractive index of the surrounding medium (substrate, solvent, and adsorbates) of the
surface/nanostructure [4]. Adsorption of molecules on the metal surface can lead to measurable spectral
changes in both the wavelength and intensity of the SPR [2,5,6]. This high sensitivity allows SPR sensors
to become a powerful analytical platform. In this work, we report experimental sensing results of a
functionalized sensor based on plasmonic gold nanodisks, showing the capability to detect toxic organic
molecules.

We designed plasmonic gold nanodisks arranged in a rectangular array on a silicon substrate [Fig. 1(a,b)]
exhibiting a Mie resonance [Fig. 1(c)] around telecommunication wavelengths. Numerical CST Microwave
Studio time domain simulations were performed. Simulated values are d = 200 nm, h =20 nm and a = 400
nm. Silicon is modeled as n, = 3.45 and gold is modeled using Drude model with plasma frequency wp =
1.36x1016 and collision frequency y = 1x1014 s, Simulations predict a sensitivity to variations in the
surrounding index (nq) of 40 nm/r.i.u. The gold nanostructure was fabricated on a silicon substrate by
standard electron-beam lithography with a single PMMA (poly-methyl-methacrylate) layer followed by a lift-
off process. Final thickness of the gold film is 20 nm and 5 nm layer of chromium is deposited before the
gold to improve gold adhesion. Figure 1(d) shows an electron scanning microscope (SEM) image of the
fabricated structure and the measured dimensions. The total sample area was 100 x 100 ym. Infrared (IR)
transmission spectra for the fabricated structure were performed using a Bruker™ Fourier Transform IR
spectrometer. The initial measurement after fabrication is shown in Figure 2. A resonance is observed
around 1.1 ym, blueshifted with respect to simulations.

After the characterization of the plasmonic resonance spectrum and cleaning of the gold surface, we
proceed chemical functionalization, performed by immersion of the gold surface in a 0,01M solution of 11-
mercapto-undecanoic acid (MUA) in absolute ethanol for 3 hours. The deposition process is carried out at
room temperature. In order to remove the excess reactants the sample is rinsed in absolute ethanol and
deionized water and dried under a flow of dry air. The MUA monolayer is to be expected 1.7 nm thick with
their thiol headgroup chemisorbed on the gold surface. The molecular axis is slightly tilted with respect to
the gold surface normal [6].

For the sensing experiments we used first cadaverine (1,5-pentanediamine). The experiment was
performed by immersion of the functionalized chip in 0,1 M aqueous solution of cadaverine for 10 seconds.
Figure 2.A. shows the resulting transmission spectra after several binding events on the functionalized
chip. The blue spectrum presents the resonance of the air-bare metal interface at 1.117 ym. The red
spectrum, obtained after the metallic surface was modified with a monolayer of MUA, shows that the
minimum in the transmission shifted to 1.133 pm. An additional shift to 1.186 um, corresponding to green
spectrum, was observed after the binding of cadaverine molecules to the MUA active sites. Removal of the
self-assembled monolayer (SAM) from the Au surfaces is of key importance for the recycling of the sensor
in order to re-obtain a clean surface. Therefore, the gold surface was cleaned with Piranha solution (1:3
mixture of 30% H202-concentred H,SO4) for 1 min, copious amount of deionized water and absolute
ethanol [5]. The resonance frequency obtained from the clean surface returned nearly to the original
position. Anyway, several cleaning treatments should lead to a decrease in sensing area caused by
erosion of gold, which could change slightly the plasmon resonance peak of the gold nanostructure.



In order to demonstrate the gas detection capability of the optical sensor, we used another toxic organic
molecule like methanediamine. In this case, the experiment was performed by exposing the functionalized
chip to methanediamine vapour at 25°C for 10 s. Results from the spectral measurements are shown in
Figure 2.B. Here, a relevant resonance signal shift is observed when gas molecules are adsorbed on the
MUA layer. The blue spectrum corresponding to the bare gold structure presents a resonance at 1.179
um. For the functionalized surface with MUA, the red spectrum shows a peak to 1.192 um and, after
exposing to methanediamine vapour, the resonance shifted to 1.212 ym.

We have demonstrated experimentally the use of plasmonic gold nanodisks for the detection of toxic
organic molecules in both gas and in aqueous solution. It was found that the peak shift for the gas sensor
is 0.011 um and for the detection of diamine in water 0.053 pm. From these values, one can conclude that
the gold nanodisk structure for sensing presents increased sensitivity with regard to other configurations
like nanoholes, whose resonance shift is 0.009 pm [6]. Acknowledgment. Financial support by the
Spanish MICINN under Contracts No. TEC2008-06871-C02-02 and CSD2008-00066 (Consolider EMET)
is gratefully acknowledged.
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Figure 1: (a) Side view and (b) top view schematic of the designed gold nanodisks. (c) Electric field at Mie
resonance. (d) Scanning electron microscope (SEM) photograph of the fabricated structure.
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Fig. 2.A: Sensing of cadaverine in aqueous solution by chip immersion. (a) Measured transmittance spectra for the
bare gold surface sample; (b) functionalized surface with MUA monolayer; (c) cadaverine detection (d) and
regeneration of the resonance by cleaning of the gold surface. Fig. 2.B: Gas detection of Methanediamine. (a)
Transmission spectra for the bare gold surface sample; (b) functionalized surface with MUA monolayer; (c)
Resonance shift due to the adsorption of methadiamine molecules on the MUA layer.
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Abstract: We investigate the chromatic dispersion properties of silicon nanophotonic slot waveguides in
a broad spectral region centered at ~1.5um. The variation of the dispersion profile as a function of the
slot fill factor, i.e., the ratio between the slot and waveguide widths, is analyzed. Symmetric as well as
asymmetric geometries are considered. Two different dispersion regimes are identified.

1. Introduction

In general, any silicon-based photonic component is affected by chromatic dispersion. Then, the
design and optimization of silicon photonics devices requires a very precise knowledge of the dispersion
properties. In this context, the chromatic dispersion of a simple silicon waveguide with a cross-sectional
area of a few pm2 is primarily determined by the intrinsic silicon dispersion [1]. In contrast, when the
cross-sectional area is reduced, the optical confinement is stronger and, then, the effective dispersion is
the result of the interplay between the material and the waveguide or geometrical dispersion [2,3]. In
fact, a careful control of the waveguide shape and size allows for the tailoring of the group velocity
dispersion (GVD) so that normal, anomalous, or even zero GVD can be achieved in the spectral region
centered at ~1.5um [2,3]. In this contribution, a detailed analysis of chromatic dispersion in silicon slot
waveguides is performed. Our study shows that a careful control of the slot geometrical parameters, i.
e., width and position, enables the tuning of the GVD characteristics.

2. Dispersion in silicon slot waveguides

The analysis is based on three different
cross-sectional areas: 1 pm?, 0.5 ym?, and 0.1
umz. In addition, for simplicity, a fixed aspect
rato of 1-to-1.5 (height-to-width) will be
assumed. We compute the effective index,
nes(A), in a broad spectral range and by
numerical differentiation the GVD parameter as
a function of wavelength, DA=-()\/CO)d2neff/d)\2, is
Obtainedf In Fig. 1(a), a ty_pical geometry of a Fig.1. (a) Symmetric slot and (b) asymmetric slot silicon-on-insulator
symmetric slot v_vav_egwd_e '_S Shown' Note that channel waveguides with same cross sectional area. The electric field
the modal electric-field distribution has a strong distribution of the quasi-TE mode in the x dimension corresponding
discontinuity at the  high-index-contrast  toA=1.55um is plotted.
interfaces and the optical field is significantly
increased in the slot region. The resultant GVD curves are shown in Fig. 2(a-c), respectively. For each
cross-sectional area, different slot fill factors have been considered, namely, 1:5, 1:10, 1:25, and 1:50.
The fill factor is defined as the normalized ratio between the slot and the waveguide widths. The effect
of the slot on the waveguide dispersion is different for each particular cross-sectional area. For a cross-
sectional area equal to 1 pmz, Fig. 2(a), a change in the slot fill factor translates into a relatively small
variation in the GVD curve. In fact, all the dispersion profiles lie in the so-called material dispersion
regime. Note that for larger fill factors, the dispersion profile exhibits a zero-GVD wavelength and, as a
result, a spectral region with anomalous dispersion is found. For intermediate cross-sectional areas ~0.5
pmz, Fig. 2(b), we find that the slot width strongly determines the dispersion regime in which the
waveguide operates. More particularly, for the fill factors 1:5 and 1:10 we have GVD profiles in a
different region that we name geometrical dispersion regime while the fill factors 1:25 and 1:50 present
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Fig. 2. Group velocity dispersion profiles of symmetric slot waveguides for different slot fill factors. Three different cross-
sectional areas have been considered: (a) 1 pm? (b) 0.5um? and (c) 0.1um? with a fixed aspect ratio equal to 1:1.5. The
dispersion curve of a conventional channel waveguide is also plotted.
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GVD curves quite similar to the silicon material dispersion profile. For small cross-sectional areas, 0.1
pmz, Fig. 2(c), we find that the slot waveguide mostly works in the geometrical dispersion regime. Note
that the dispersion curve is significantly up shifted when the slot fill factor is decreased while the
wavelength with maximum-GVD is nearly constant at 1.4um. Interestingly, for 1:5 slot fill factor, a
dispersion curve with a flat profile is obtained in the ~1.4um — 1.6um spectral range.

In asymmetric silicon slot waveguides, the slot location is different than the geometrical center of the
waveguide [4], as shown in Fig. 1(b). We define the asymmetry degree as k=2s/w, where s is the
distance from the center of the waveguide to the center of the slot, in absolute value, and w/2 is half of
the total width of the waveguide. We have analyzed the GVD for different asymmetry degrees, namely,
k=10, 0.25, 0.5, and 0.75 while keeping the same cross-sectional area. Figure 3, shows the results from
numerical simulations for the three different above introduced cross-sectional areas with a fixed slot fill
factor of 1:10. In general, we note in the figure that the GVD is more sensitive to asymmetry changes
when smaller cross-sectional areas are considered. For large areas, 1 pmz, Fig. 3(a), the waveguide
always operates in the material dispersion regime and a small change in the GVD is observed when the
asymmetry degree is increased. For intermediate areas, 0.5 pmz, more significant changes are found in
the GVD. In Fig. 3(b), by starting in the geometrical dispersion regime, a change in the asymmetry
degree modifies the dispersion profile in such a way that the maximum-dispersion wavelength shifts to
longer values. For larger asymmetry degrees, k = 0.75, the GVD is switched from the geometrical to the
material dispersion regime. Finally, for small cross-sectional areas, 0.1 pmz, we find a significant larger
GVD variation compared with previous examples. Note the different scales in the dispersion axis. In Fig.
3(c) the waveguide exclusively operates in the geometrical dispersion regime for all the asymmetry
degrees but exhibits a variation in the maximum-dispersion wavelength.
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Fig. 3. Dispersion profiles for different asymmetry degrees. Three different cross-sectional areas are considered (a) 1 um?, (b)
0.5 pm?, and (c) 0.1 um? The aspect ratio and the slot fill factor is 1:1.5 and 1:10, respectively.
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Aluminium nitride nano-particles and nanowires synthesised by using tube furnace
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In recent years, researchers have been strongly focused on the synthesis of nano-crystalline
AIN. In this study, the nonlinear optical properties of AIN nanostructures (nanoparticles and nanowires)
in ethanol solution were studied by Z-scan technique using CW He-Ne laser at 632.8 nm. The results
show a negative nonlinearity and large nonlinear refractive index. The magnitude and the sign of
nonlinear refractive index, n,, were measured using single beam Z-scan technique. One of the principal
aims of the investigation was to see how the size and morphology affects the nonlinear properties of the
samples. [1-3]

In this work, we report a chemical technique for synthesis of AIN nano-particles in a horizontal
three zone furnace with alumina tube. Aluminium nitride nanoparticles with different morphologies and
sizes are grown on Alumina and Si substrates by thermal evaporation of a mixture of NH4Cl and Al
powders (different weight ratio) at 1000 °C for 3h under N, and Ar atmosphere. [4-6]

Also in this investigation, a Gaussian beam incident to a thin Kerr nonlinear sample was
considered to obtain simple analytical formulas relating the z-scan curve obtained from the on axis
intensity at the far field. Gaussian decomposition method has been used to analyze the characteristics
of the z-scan curves for thin samples with small or large nonlinear phase shifts.

The laser beam shape and variation of the curvature radius of the wavefront have been
simulated when the Gaussian laser beam passes through colloidal AIN nanowires and nanoparticles
in ethanol. The effect of intensity is studied in the wave-front. Te dependency of the curvature radius
of the wave-front to the nonlinearity of the sample is reported. Also we have obtained the laser
beam shape of AIN nanoparticle and nanowire samples as a nonlinear optical material and compared
them with the experimental results. The other morphology synthesized using this method is the AIN
nanowires that has been show in Fig. (2).
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Fig. 1-(a) SEM image and (b) XRD graph of AIN nano-particles synthesized by chemical vapour
deposition method.

Fig (2) The FE-SEM image of synthesized nanowires
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One of the scientific and technological challenges of silicon—based photonics consists in making silicon
an efficient light emitter that can also provide ampilification. This will allow combining both the
functionality of silicon microelectronics with ultra-fast optical data generation, processing and
transmission on a single silicon-based device.

Low dimensional silicon in the form of silicon nanoclusters (Si-nc) is a material with extremely interesting
optoelectronic properties that differ strongly from those of bulk Si. In particular, the capacity of Si-nc to
act as sensitizers of rare earth ions, specifically erbium ions (Er3+) [1], has opened the route towards an
all-optical or electrically pumped Si based light amplifiers operating in the third telecommunication
window. However, during the last years, several reports have shown what seems to be an intrinsic limit
of the material itself, which is the low content of Er** taking advantage of an efficient indirect transfer
mechanism [2-4].

We will focus our presentation on two studies that are crucial for the understanding and optimization of
the performances of this material, in particular for samples produced by reactive magnetron co-
sputtering:

i) An experimental characterization of the interaction mechanism process between excited Si-nc and
Er®* ions by means of fast time-resolved photoluminescence measurements. This study has revealed a
Dexter type fast (less than 100ns) transfer mechanism. The energy released through a carrier intraband
transition within the conduction band of the Si-nc excites the Er’* ions nearby to the Si-nc surface
mainly to the 4I11/2 level [5], as it can be understood from the scheme shown in figure 1.

i) A study on the quantification of the different concentrations that determine the potentiality of the
material for light amplification, which are: the total content of erbium present in the material; the
concentration of ions that are optically active; the concentration of ions that are optically active and emit
light; and the concentration of ions that are efficiently coupled to the Si-nc and emit light efficiently. We
demonstrate the highest to date fraction of optically active Er ions coupled to Si-nc (» 52%), which
produces an internal gain in waveguide samples of about 1dB/cm at 1.55um.
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Figure 1. Scheme of the levels and transitions involved in the transfer mechanism



Geometrically induced plasmonics from the optical to the terahertz regime
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We demonstrate that the introduction of a subwavelength periodic modulation into a metallic structure
strongly modifies the guiding characteristics of the surface plasmon polariton (SPP) modes supported
by the system [1]. Moreover, it is also shown how a periodic corrugation could even create a new type
of SPP-type mode, a domino plasmon polariton (DPP), Fig.1, in a structure that does not support
surface plasmons in the non-corrugated configuration. We present a totally new design for surface
plasmon polariton waveguides based on DPP for terahertz applications, which is easy to fabricate [2].
These waveguides are likely to enable interesting device applications stemming from their unique
properties: a dispersion that is nearly insensitive to the waveguides’ width, a nearly flat power
distribution within the waveguide, an excellent field confinement factor, and reasonable loss figures.
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Fig. 1. Domino plasmon polariton field distribution.
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We investigate the scattering formalism of the Green's theorem [1,2] including a discontinuity in
the magnetic permeability p (isotropic and homogeneous). For this purpose we make use of the
continuity or saltus conditions for the EM field across the interface between media having
different € and u. We consider the latter to be a 1D function {=((x) and linearly polarized light.
We perform the analysis of both s-polarization and p-polarization. In this configuration we find
that in p-polarization the discontinuity of the magnetic permeability has no effect on the
discontinuity of the only non-zero component of the magnetic field, while in s-polarization it does
affect to the discontinuity of the only non-zero component of the electric field. Having made
such analysis, we find a symmetry in the intensity of the scattered fields between s- and p-
polarizations when interchanging the values of € and p. In particular, this symmetry is also
present for the intensity of the reflected fields. As a consequence, same backscattering patterns
are found for s-polarization with given >0 and p<0 values and for p-polarization having € and p
resulting of interchanging their values. Numerical analysis has been made with the aim of
testing the reported symmetry for media having one of the constitutive parameters positive and
the other negative. The rough surface is generated by the Montecarlo method and thus
possesses a known Gaussian power spectrum characterized by the rms height 6 and the
correlation length of the random height a. Some studies have been performed in this direction
[3] but, to the best of the authors' knowledge, the symmetry has never been pointed out.

Results

As an example, a numerical calculation of the incoherent intensities of the scattered light for p-
and s-polarization is shown in Fig.1 for given values of permittivity and permeability, together
with the same calculation for the symmetric situation. The enhanced backscattered peak in p-
polarization for e=-5 and p=1 stems from the multiple scattering of SPPs, in turn excited by sub-
wavelength roughness. Conversely, s-polarized SPPs exist in the case of e=1 and u=-5 [4].
Thus, enhanced backscattering peaks also occur in the angular patterns of s-polarized light
(see Fig.1), identical to those of p-polarized light with interchanged € and p. Similarly, it will be
shown that symmetric enhanced backscattering is also observed due to multiple scattering of
light, when the surface roughness (correlation length a) is larger than the wavelength.
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plotted for each polarization. The reported symmetry can be readily observed.
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Nanoplasmonics applied to photovoltaics is suggested as a promising strategy to increase short

circuit photocurrent in solar cells, due to the enhancement of light absorption of the solar cell base
material at resonant wavelengths with localized plasmons at noble metal nanoparticles (NPs) [1].
Applying a sol-gel method implemented with the spin-coating technique, one can synthesize Au NPs in
solid Matrix Thin Films (MTF) of TiO, [2] and SiO, [3] on glass and Si(100) substrates, being this
method easier, faster and lower cost than others.
The extinction coefficient spectrum shows a narrow band at around 2 eV (600 nm). If we increase the
amount of gold present in the MTF the extinction coefficient intensity grows accordingly, as shown in
Fig. 1. These spectra can be fitted (linewidth and position) by using the Mie scattering theory that takes
into account the contributions of intra- and interband electrons [4,5]. With the parameters obtained from
these fits and the Maxwell-Garnett effective-medium theory [6] we estimate the effective refraction index
of the MTF deposited now on Si(100) and model the expected Reflectance under normal incidence of
TiO, MTF as a function of the Au-NP filling factor (ration between the volume occupied by NPs and the
total volume). By this way how the presence of Au NPs can affect the interferential behavior of the thin
film Reflectance: a new minimum appears (and increase with the filling factor) on the short wavelength
side of the NP Localized Surface Plasmon Resonance (LSPR), as observed in Fig. 2(a). This effect is
also demonstrated experimentally, as shown in Fig. 2(b) for a MTF on silicon 90 nm thick (measured by
SEM). This Reflectance minimum can be of interest in order to increase the light absorption in solar
cells at the visible region, may be more useful in the case of crystalline and amorphous thin film solar
cells.
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Fig. 1 Extinction coefficient spectra of TiO, MTF deposited on glass for different concentration of Au
NPs.
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Fig. 2 (a) Reflectance of a 100nm thick TiO, MTF deposited on Si(100) as a function of the Au-NP filling
factor, (b) Experimental reflectance for a 90 nm thick layer (black dots) with a best fitting curve using a
filling factor of 0.2 (red line), in comparison to the calculated curve without nanoparticles (blue line).
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Room temperature (RT) lasing in photonic crystal microcavities has been demonstrated around 1.3um
using five stacked self-assembled InAs QD layers as active material [1-2]. Bordas et al recently
reported a compact photonic crystal microlaser at RT with a single plane of InAs/InP quantum dots as
gain medium [3]. Baba et al [4] showed RT lasing at 1.5 ym on quantum wells on InP with thresholds
around 1.2 pW of effective pump power and Q=20000. Finally, a value of Q up to 28000 was reported
by Frédérick et al [5] on InP- PC microcavities. In this work we show, for the first time, room
temperature lasing at 1.5 ym in photonic crystal microcavities with a single layer of self-assembled
quantum wires. Ultra low threshold values around 10 yW have been measured, along record quality
factors exceeding Q=55000 using L7-type photonic crystal microcavities. Solid-source molecular beam
epitaxy has been used for the synthesis of the InP/InAs epitaxial material comprising a single layer of
InAs QWRs [6]. Fabrication procedure relies on electron-beam lithography and reactive ion beam
etching techniques [7]. The main axis of the cavity is always parallel to the QWRs, which grow along
the [1-10] direction. No lasing has been obtained for L7 cavities with axis parallel to the [110] (i.e.,
perpendicular to the direction of the QWRs). This shows the strong one-dimensional character of the
QWRs inside the photonic cavity.
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A single Quantum Dot (QD) coupled to a photonic cavity mode is the fundamental system for
the study of Cavity Quantum Electrodynamics (CQED) phenomena in the solid state
approximation[1]. These studies are essential for the development of devices such as single
photon emitters and entangled photon pair sources, key elements for quantum information
technologies. The successful fabrication of this kind of systems is very challenging due to the
simultaneous requirements of spatial matching (the QD has to be placed at the maximum of the
photonic cavity mode field) and spectral matching (both the wavelength of the QD emission and
of the photonic cavity mode have to be the same) between the QD and the photonic cavity
mode. Although coupling of single self-assembled QD to a photonic crystal (PC) cavity mode
has already been demonstrated [2, 3], the technology is far from being mature. In this sense,
the use of high spatial resolution lithographic techniques for site controlled QD formation[4, 5]
is crucial in order to improve the yield of deterministic integration of a coupled QD — cavity
mode[6,7].

In this work we present two strategies for coupling of InAs site-controlled QD with the mode of
GaAs-based PC nanocavities. In both approaches InAs QD are formed at specific sites of the
GaAs surface defined by the presence of nanoholes formed after desorption of the GaAs oxide
points obtained by AFM local oxidation lithography. These site-controlled nanostructures show
good optical emission properties and are efficient quantum emitters operating as single photon
sources [5]. In both approaches the photonic crystal nanocavities are fabricated by e-beam
lithography and dry etching (RIE) on GaAs epitaxial layers grown on 1 micron thick
Aly 75Gag 25As sacrificial layer by molecular beam epitaxy (MBE).

The first approach (Fig. 1) consists of the fabrication of photonic crystal nanocavities on a 105
nm thick GaAs slabs. We have fabricated Ln-type (L3 tuned, L7, L9) and H1 modified cavities.
The slab thickness is smaller than the target (140 nm) for the final structure. On top of the
microcavities, AFM local oxidation lithography is performed to define the nucleation site of a
single QD at the the electric field maximum within the cavity. Then, a MBE re-growth process is
developed for InAs QD formation and the increase (35 nm) of the thickness of the GaAs slab.
This way, the final structure consists of a InAs single QD spatially located at the predefined
position by AFM local oxidation lithography embedded in a photonic cavity slab with the
appropriate thickness for optical coupling to the photonic cavity. Our results show that this
process leads to a strong evolution of the round shape of the PC holes that degrades the quality
factor (Q) of the cavity mode. Some attempts for minimizing the shape evolution of the round
holes by changing the crystallographic direction along which the PC round holes are fabricated
will be shown. Optical micro-PL emission carried out by confocal microscopy at 77K of the re-
grown nanostructures will be shown.

In the second approach an etched ruler is fabricated by using e-beam lithography and dry
etching (RIE) on a 65nm-thick GaAs epitaxial layer. Then, AFM local oxidation lithography is



performed to define the nucleation sites of InAs QDs and their position coordinates are recorded
with respect to the fabricated ruler (Fig 2). The formation of InAs QD and the target thickness of
the slab with the embedded site controlled InAs single QD is later completed by the developed
MBE re-growth process. Micro-photoluminescence characterization of these site controlled QDs
will be made in order to know their actual emission wavelengths. This way, we could access to
know both the spatial coordinates and the emission wavelength of every QD. In this situation, a
PC cavity can be designed for matching the emission wavelength of the embedded QD and
later fabricate around the previously recorded position coordinates of the QD with respect to the
ruler.
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Figure 1. First approximation: Site controlled InAs QD fabrication at the maximum of the electric field of a
pre-patterned photonic crystal cavity. Different process steps and the corresponding AFM images: (a)
Fabrication of the photonic crystal structure (SEM-RIE) and GaAs oxide dot (AFM local oxidation) on a
GaAs 105 nm thick slab; (b) The structure is completed by a MBE regrowth process up to 140nm thickness
with an embedded site-controlled InAs QD placed 20nm below the surface. AFM profiles show the change
on the hole shape due to the regrowth step.

Figure 2. Second approximation: Deterministic cavity fabrication around site controlled InAs QD positioned
respect to a pre-patterned etched ruler. (a) Sketch of the final structure with a photonic cavity fabricated at
the position of a site-controlled InAs QD, with coordinates set by the etched ruler. (b) SEM image of the
fabricated etched ruler with the alignment marks. (c) AFM image of an actual GaAs oxide dot obtained by
AFM local oxidation with known coordinates respect to the ruler.
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Development of self assembled InAs/GaAs quantum dot (QDs) has led an important advance in the
optoelectronic technology. One of its main interests comes from the emission of entangled photons [1],
and the possibility to integrate such quantum optical active medium with the GaAs technology [2].
However these nanostructures have usually disadvantages, as for example strong decrease of the
emission intensity with the temperature or difficulties to obtaining QDs with emission wavelengths over 1
pum [3]. This work studies the effect of growing InAs QDs under In,Ga;_,As confinement layers (CLs) [4]
[5], in order to reduce the QD-CL band discontinuities and to achieve a redshift in the emission
wavelength. For this purpose self assembled QDs have been grown on a GaAs substrate under 10 nm
of an In,Ga,,As layer. Four samples with different In compositions (x = 0, 0.1, 0.2, 0.3) have been
prepared. The final structures were capped by 20 nm GaAs layer. Samples have been characterized by
photoluminescence (PL) and time resolved luminescence (TRPL) in function of the temperature.

PL experiments show emission between 1 and 1.4 um. The exact emission wavelength depends on the
barrier composition; being the emission wavelength proportional to the amount of indium in the barrier.
All samples have a bimodal size distribution. Temperature dependence of the PLs shows a constant
intensity for temperatures lower than 120 K and a double decay time evolution when the temperature is
raised. First of all, there is a slow decay for temperatures between 120 and 220 K, and then a fast
decay appears when the temperature is higher than 220K. The behaviour can be modelled by Arrhenius
dependence with two activation energies, involving two different mechanisms of escape. The second
activation energy (fast decay) is always close to the difference between the wetting layer (WL) and QD
energy. Thus, this second mechanism has been attributed to escape from the QD to the WL. The exact
activation energy depends on the indium content, implying an important role of this barrier into the QD's
dynamics.

TRPL's measurements have been realized in function of the temperature at the corresponding emission
energies of the two families. As well, the sample with highest indium content (x = 0.3) has been
thoroughly studied, covering the whole emission range. TRPL behaviour strongly depends on the
emission energy and the barrier composition, but in all cases recombination times increase with
temperature before a strong decay when the temperature reaches 220 K. This behaviour is attributed to
the appearance of dark states as has been proposed elsewhere [6, 7].

Red-shift and room temperature behaviour obtained in the nanostructures proposed in this work could
be helpful in the implementation of new optoelectronic devices, because nowadays there is a great
interest of developing quantum optical devices at long wavelengths (in particular the telecommunication
windows 1.3 and 1.55 ym).
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We develop theoretically and numerically a rigorous method to investigate the EM wave
scattering from 3D objects with arbitrary surfaces and dielectric function. The formulation is
based on the surface integral equations for the electric and magnetic fields given by the
Stratton-Chu formulas [1,2,3]. The integral equations are generalized for a 3D object with its
surface in parametric coordinates (recently derived for 2D objects in Ref. [4]). The electric and
magnetic fields are expressed in terms of two tangential components to the surface and a
normal one, in order to get physical insight into the induced EM fields in the surface of the
scatterer. In fact, it is shown that the surface integral equations are remarkably simplified if the
parametric coordinates are chosen so that an orthonormal basis can be defined on the surface,
and if the chosen basis is an intrinsic basis of the surface, defined in terms of two tangent
vectors and the normal one. This simplification is in turn crucial in the numerical implementation
of the surface integral scattering equations, converted into matrix equations for the surface EM
field components by discretizing the surface through a quadrature scheme.

Finally, it should be emphasized that this formalism straightforwardly allows one to deal with an
arbitrary number of scatterers and shapes, with the advantage that it scales with the scatterer
surface (rather than its volume). In particular, this method will be exploited to investigate surface
plasmon resonances in complex 3D metallic nanoparticles, obtaining far-field patterns
Fig(1)(a,b), scattering cross sections, near-field maps and surface charge distributions
Fig(1)(c,d) as done for 2D nanoparticles (nanowires) in Ref. [4]. If a point dipole source is
considered instead of a plane wave, single molecule fluorescence (and/or quantum dot
emission) close to metallic nanoantennas can be thoroughly explored by calculating radiative
and nonradiative decay rates (and quantum vyields), addressing crucial issues as the
modification and enhancement (or quenching) of spontaneous emission in (bio)molecular and
optoelectronic systems due to the strong impact on the local EM density of states of surface
plasmon resonances in dimer nanoantennas [5].
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In last years, nanoparticles based one dimension photonic crystals (NP-1DPC) have developed high
optical and structural qualities. They have already become a very important component of fotonic
devices like dye solar cells. They also present an important potential as optical resonators, due to their
capacity to house many different types of light emitters, with many different irregular shapes, like rare
earths based nanophosphors. Herein we show that the photoemission spectrum of nanophosphors can
be precisely controlled by integrating them in a rationally design photonic environment. In this work, we
present a versatile method to embed these kind of nanophosphors of arbitrary shape in optical
resonators built up within NP-1DPC [1]. By precise control of the spectral features of such cavity
modes, luminescence is amplified or suppressed in selected and tuneable wavelength ranges. We also
demonstrate that the porous character of the building blocks of these photonic crystals provides a
responsive multifunctional matrix, totally different emission spectra being attained from the same
nanophosphors by environmentally induced changes of the cavity modes. This fact makes these

structures perfect for the detection of liquids and gases.
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Figures

Figure 1. Model of the proposed all-nanoparticle based optical resonator. Spherical beads represent
SiO, nanocolloids, smaller ones of irregular shape are TiO2 nanocrystals and (red) rhombic particles
are the embedded nanophosphors. On the left, the different components of the optical cavity are
amplified and separated for the sake of clarity.
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Figure 2. Luminescence (thick lines) and reflectance (thin lines) spectra obtained from a nanophosphor
containing optical resonator built using two Bragg mirrors made of 5 unit cells (a) before and (b) after

being infiltrated with ethanol.
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Quantum Hall effect arises when electrons are subject to a large magnetic field due to the fact
that electrons experience a Lorentz force as they are charged. Despite the absence of photonic
charge, it has been observed that a similar effect, a photonic Hall-effect, appears when light is
subject as well to a magnetic field, although the origin of the effect is very different.

This photonic Hall-effect, or magneto-transverse anisotropy, in light scattering, is of actual
interest and is the basis of interesting phenomena [1,2]. The Hall effect of a single scatter is
important by itself. In particular, Hall effect for a Mie sphere has been addressed long before
[3]. In these studies it was argued that in the small particle regime (the so called Rayleigh
scattering regime) there were no net magneto-transverse scattering effects [3].

Radiative corrections have shown to be important to analyze magneto-optic properties of small
nanoparticles [4]. As we will show, Optical Hall-effect in small dipolar particles does exist,
arising as a consequence of the radiative corrections to the polarizability.
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Abstract. We analyze the electromagnetic field propagation through a rectangular metallic waveguide
loaded with an array of SRRs. If the split ring resonator frequency matches the cutoff frequency f; of the
hollow metallic waveguide, a flat mode is attained. To perform our study we calculate the dispersion
relation using a simple transfer matrix model and confirm the results with electromagnetic simulations.

It is well known that left-handed propagation can be obtained in a structure conformed by SSRs (that
can achieve negative permeability) inserted in a medium with a negative permittivity in the same region
[11[2]. A square waveguide can model a one-dimensional plasma [3] with negative effective permittivity
below cutoff, and therefore by introducing an array of SRRs, effective negative permeability and
permittivity lead to a left-handed behavior. In this presentation we further study such configuration and
obtain further interesting results in the case in which the SRR resonant frequency f, approaches the
cutoff frequency f, of the waveguide. We evade the effective medium explanation, due to the fact that
we do not restrict ourselves to a subwavelength periodicity, and instead develop a model based on
transfer matrix theory.

The structure that we analyze is shown in Fig. 1(a). The proposed circuit model for the unit cell can be
seen in Fig. 1(b). Note that the model does not include electric excitation of the SRR resonance since it
is small and will hardly affect the obtained response. The transmission matrix of the unit cell model is
given by:

T=SRR (@w,R,L,C,M)-TL(w,p,Z,,a,) (1)
where TL(w, S.Z.a) represents the transmission matrix of a transmission line with propagation constant
B =’ ue, —(z/a) , characteristic impedance Z, =au/B and length a,, and SRR(w,R,L,C,M)

represents the transmission matrix of the SRR [4][5]. Equating 2 cos(ka_) with the sum of the diagonal
elements of Tyields the dispersion relation of the periodic structure [6], given by:

B B w-M* 1 sin(fa.) )
2cos(ka,) = f(w)=2cos(fa,)+ . (l—a)ﬂz/a)z—jR/La)J z 2)

where k is the Bloch wavevector and a, is the periodicity. Note that a propagating mode exists at a given
frequency w only if -2 < f(w) < 2. The first term of f(w) is the term corresponding to the waveguide
without rings and the second one is due to the presence of the rings. The second term is asymptotic at
fo and responsible for the passband that appears near f,. The width of this passband can be controlled
by @-M*/L and sin(fBa.) so that their value at f, determines the bandwidth of the mode. Interestingly,
the bandwidth tends to zero when the resonance of the rings f, takes place at a frequency at which
sin(fa_) — 0 . This condition can be stated as:

ﬂ‘f7f0 a, =mr 3)

In particular, if f, coincides with the cutoff frequency of the waveguide (8 = 0), the condition (3) is
achieved and a zero bandwidth mode is obtained. In order to check this result, we study a similar
configuration to that presented in [3] where Marques et. al. demonstrate that a left-handed passband
arises when the resonance frequency of the SRRs occurs below the cutoff frequency of the hollow
metallic waveguide. We adjust the shape and dimensions of the SRRs to vary their resonance
frequency. In particular we study in depth what occurs when the operation frequency of the SRRs is
either below, above or coincident with the cutoff frequency of the waveguide. To do so we perform
eigenmode electromagnetic simulations using the commercial software CST Microwave Studio™ in
order to compare the numerical results with the predictions of the model. In Fig. 1(c-e) the dispersion
relation described by the model and that obtained with the simulations are shown. We vary the
resonance frequency of the rings around the cutoff frequency f, of the waveguide (we call f; to the cutoff
frequency of the waveguide without SRRs, but considering the substrate placed inside). In the first case,
when the resonance frequency of the rings () is lower than f; a left-handed passband is observed, in



agreement with [3]. When f, > f. the slope of the band flips its sign. At the threshold between both cases,
when f, = f,, a zero-bandwidth band arises. Note that in that case the original cutoff frequency of the
TE1 mode is slightly upshifted in frequency away from the flat passband. These phenomena are
predicted by the model and confirmed by the simulations. In Fig. 1(f) a plot of the group velocity at the
inflection point of the passband (the point of maximum group velocity) as a function of f;, is shown. The
flip in the sign of the slope is clearly seen, as well as the point of zero group velocity. Note that, at cutoff,
the waveguide shows no phase advance (8 = 0), so each successive SRR “feels” the effect of the other
SRRs with no phase retardation, which can be key to understanding the existence of the zero-
bandwidth passband. A similar argument stands for the general condition given by Eq. (3) [although for
odd values of m, the phase advance of the fields propagating in the waveguide between successive
SRRs is ).

In conclusion, we have modeled a rectangular metallic waveguide loaded with an array of SRRs with a
simple transfer matrix model. The calculated dispersion relation shows very close agreement with the
simulations. A forward, backward or zero-bandwidth mode can be easily achieved by choosing f,
adequately. A condition for achieving a zero-bandwidth passband is presented.
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gratefully acknowledged. F.J. Rodriguez-Fortufio, C. Garcia-Meca and R. Ortufio acknowledge financial
support from grants FPI of Generalitat Valenciana, FPU of MICINN and FPI of Universidad Politécnica
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Figure 1. (a) Simulated SRR loaded waveguide. (b) Proposed circuit model for the SSR-loaded
waveguide unit cell. (c-e) Modeled and simulated dispersion relations for (c) wy < w,, (d) wy = w,, and
(e) wo > w,. The parameters in the simulation (all dimensions are in mm) are:a=b=a,=6,d=5.2s, w
= 0.5s, g = 1s, a,= 10, t; = 0.49, €supstrate = 3.45%° and thickness of the metal t,,=0.017, where s if a
reference feature size (¢c) s = 0.48, (d) s = 0.4765, (e) s = 0.473. The parameters used in the model are
U=, € = 3.14€0, MY/L = 4.7/wy, and (c) f, = 14.026 GHz, (d) fy = 14.1 GHz, (e) f, = 14.19 GHz. The
parameters in the model such as M or ¢, where chosen to fit simulations. (f) Simulated normalized
group velocity at the passband inflection point plotted against the resonance frequency of the SRRs.
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In the absence of a universally accepted model that describes the physics of the anomalous
transmission spectrum of an array of nanoholes on optically thick metallic films, an extensive
numerical calculation is presented in this paper to relate the scattering modes observed to
transmittance spectral behavior. Surface plasmon polariton Bloch Waves (SPP BW), Wood’s
Anomalies (WA) and Localized Surface Plasmon Resonances (LSPR) at the rim of the
nanoholes are investigated based on scattering modes that form the features of the
transmission spectrum, i.e. maxima and minima. The impact of each of these optical
phenomenons on the transmission process is discussed. The Finite Difference Time Domain
(FDTD) method is applied to calculate the transmission intensity from films of gold and silver
subjected to variations in geometrical parameters such as film thickness, hole spatial period (i.e.
center to center distance of the holes) and hole diameter. Analysis of transmission spectra
showed that the cut-off frequency of the array of subwavelength holes is mostly defined by the
thickness of the film and the diameter of the holes rather than the periodicity of the structures.
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Most plasmonic devices are passive devices since their electromagnetic properties depend mainly on
fixed properties such as the shape of the structures, their constitutive materials, and the dielectric
media. A way to turn plasmonic devices into active ones is to use ferromagnetic metals, since due to
their magneto-optical (MO) activity the optical response when applying an external low magnetic field
can be modified. Unfortunately, plasmon resonances are critically broadened in ferromagnetic materials
due to their important electromagnetic losses. An alternative is to combine ferromagnetic materials with
noble metals. Recently, we have demonstrated that Au/Co/Au nanodisks exhibit enhanced
magnetoplasmonic properties such as a significant increase of the MO activity when the localized
surface plasmon (LSP) resonance is excited (2,

Understanding the interplay between the LSP excitation and the MO activity is relevant from both
fundamental and technological viewpoints. A path to this comprehension is to correlate the behavior of
the LSP induced electromagnetic field and the MO activity. It has been clearly shown that the increase
of MO activity is related to the enhancement of electromagnetic field penetrating into the Co layer . In
that way, the goal of this work is to characterize the distribution of the near field at the surface of the
nanostructures as a function of their morphologies but also as a function of the position and the size of
the ferromagnetic layer. This study is achieved by combining Scanning Near-field Optical Microscopy
(SNOM) with far-field optical and MO characterization as well as with FDTD simulations (see Figure).
The lasers used to perform near field experiments and the LSP resonance of structures must have their
wavelength close enough to couple efficiently the light with the LSP. Our studies concerning Au and
Au/Co/Au nanostructures will be presented and compared to recent results 39
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Fig.: (a) Extinction spectra and (b) simulated cross section for Au nanodisks (h=60nm, d=120 nm); (c) SNOM
image in illumination mode of an array of Au nanostructures.
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The statistical properties of wave transport through diffusive media have long been a topic of
large interest and relevance to fields from astrophysics or “white paints” to electronic transport in
mesoscopic media. Most of the work has been focused on the diffusive and localization regimes
where the system size is much larger than the mean free path. The most useful theoretical
approach that takes into account both multiple scattering effects as well as the system size is
the (Dorokov-Mello-Pereyra-Kumar) DMPK equation. The statistical properties of a thin slab
(""building block") of length dL has been recently derive [1] from a potential model and used to
find the evolution with length of the expectation value of different physical quantities. It was
found that the corresponding statistical properties of the full system depend only on the mean
free paths and on no other property of the slice distribution. The universality that arises
demonstrates the existence of a generalized central-limit theorem. However, these results were
restricted to quasi-one-dimensional (Q1D) geometries.

Here we present a detailed analysis of the statistics of wave (light or electrons) intensity
fluctuations and correlations in the limit when the system thickness is much smaller than the
mean free path. The results of extensive numerical calculations are in good agreement with
analytical results based on perturbative expansions. The extension of this perturbative approach
to study wave transport through disordered thin films without the Q1D constrain will be
discussed.

[1]1 L.S. Froufe-Pérez, M. Yepez, P.A. Mello and J.J. Saenz,
Phys. Rev. E 75, 031113 (2007).
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SEM image of a sample anode after PEDOT:PSS was applied
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SEM image of high aspect ratio SU-8 posts
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