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Coherent ultrafast hot electron generation at plasmonic heterojunctions 

Hrvoje Petek * 

Department of Physics and Astronomy, University of Pittsburgh, Pittsburgh PA   15260 USA 
* petek@pitt.edu

We study the plasmonic enhancement of hot electron generation, by measuring the 
ultrafast electron spectroscopy and dynamics at Ag nanocluster-decorated graphite and TiO2 
surfaces by time-resolved multiphoton photoemission (mPP) spectroscopy. Hot electrons 
have been implicated in enhanced photo-physical and photochemical processes at metal 
plasmon-semiconductor heterojunctions, but their generation mechanism remains obscure. 
Deposition of Ag onto the supporting substrates produces small (5 nm dia., 1 nm high) Ag 
nanoparticles that support Mie plasmon resonances of the metal nanoparticle-support system. 
Excitation of the plasmonic modes greatly enhances the mPP yields over the bare substrates 
[1-3]. Analysis of the mPP spectra and hot electron relaxation rates show that hot electrons 
are generated directly in the substrates by dephasing of the plasmon resonances. This is 
possible because the plasmon resonances are electronically, optically, and chemically 
coupled with the substrates.  The coupling of molecules with the plasmonic modes causes 
modification of the plasmon resonances and the mPP yields. We also find direct coherent 
photoinduced electron transfer from Ag nanoclusters to graphite [4]. The probing of ultrafast 
polarization and hot electron dynamics reveals the energy and charge coupling at plasmonic 
heterojunctions.1-4

Fig. 1. The coupling of surface plasmons with single particle excitations at the Ag/graphite 
interface. STM image of the Ag nanoparticle covered graphite surface is shown. 

[1]   Tan, S., Argondizzo, A., Wang, C., Cui, X., & Petek, H. Ultrafast Multiphoton Thermionic Photoemission from 
Graphite. Phys. Rev. X 7, 011004 (2017). 

[2]   Tan, S., Liu, L., Dai, Y., Ren, J., Zhao, J., & Petek, H. Ultrafast Plasmon-Enhanced Hot Electron Generation at Ag 
Nanocluster/Graphite Heterojunctions. J. Am. Chem. Soc. 139, 6160-6168 (2017). 

[3]   Tan, S., Argondizzo, A., Ren, J., Liu, L., Zhao, J., & Petek, H. Plasmonic coupling at a metal/semiconductor interface. 
Nature Photon 11, 806-812 (2017). 

[4]   Tan, S., Dai, Y., Zhang, S., Liu, L., Zhao, J., & Petek, H. Photoinduced Coherent Electron 1Transfer at Ag/Graphite 
Heterojunctions. Phys. Rev. Lett. 120, 126801 (2018). 
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Non-Equilibrium theory of hot electron generation in plasmonic 

nanostructures under illumination – thermal vs. non-thermal 

effects 

Yonatan Sivan
*
, Yonatan Dubi, Ben-Gurion University, Israel

*
sivanyon@bgu.ac.il 

Understanding the interplay between electrons, photons and phonons is a fundamental 

problem in physical chemistry. Recently, interest in this problem resurfaced in the context of 

non-equilibrium (hot) electron distributions, which are key for applications such as photo-

catalysis, sensing, up-conversion etc.. Here, we report a formulation of the theory of hot 

electron generation in plasmonic nanostructures under continuous wave illumination, taking 

into account non-equilibrium as well as thermal effects. Specifically, we consider the effect 

of both photons and phonons on the electron distribution function, and calculate self-

consistently the increase in electron and lattice temperatures above ambient conditions (as 

observed experimentally). This enables us to go well beyond the limits of existing theories, 

which are limited to low illumination intensities. We determine the electronic distribution and 

deviations from equilibrium under different conditions, and evaluate the rise in electron and 

lattice temperatures. Doing so, we correct the multitude of errors in existing formulations of 

the problem. Finally, we discuss the prospect of using the hot electrons for photocatalysis in 

light of recent experiments, and identify the efficiency and the photocatalytic performance. 
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Hot electrons and nonlinear gold nanoantennas  
Olivier Demichel, Régis Méjard,  Sviatlana Viarbitskaya, Gérard Colas des Francs, 

Alexandre Bouhelier, Benoit Cluzel* 

1 Laboratoire Interdisciplinaire Carnot de Bourgogne, CNRS UMR 6303, Université de 

Bourgogne Franche-Comté, 9 Avenue Alain Savary, Dijon, France. 
*benoit.cluzel@u-bourgogne.fr

The large field enhancement generated at the surface of a resonant plasmonic nanoparticle, or 

optical antennas, is the key mechanism that eventually led to the development of nonlinear 

plasmonics [1-2]. While the resonance may boost the nonlinear yield of an adjacent structure 

or surrounding medium, it was soon realized that optical antennas possess nonlinear 

coefficients comparable or exceeding those of standard nonlinear optical materials [3]. We 

discuss here two nonlinear optical processes - incoherent multi-photon luminescence (MPL) 

and coherent second-harmonic generation (SHG) – emitted from gold rod optical antennas 

upon local illumination with a tightly focused femtosecond near-infrared laser beam. 

First, we investigate plasmon-assisted hot carrier nonlinear dynamics of the multiphoton 

luminescence emitted by optical antennas. We demonstrate that surface plasmons enable a 

nonlinear formation of hot carriers, providing thus a unique lever to optimize the energy 

distribution and generation efficiency of the photo-excited charges [4]. We then examine the 

MPL and SHG dynamics and efficiencies measured from single-crystal nanostructures 

fabricated by reactive ion etching and amorphous antennas produced by electron-beam 

lithography [5]. At last, the temporal dynamics of the hot carriers is experimentally 

investigated by interrogating the nonlinear photoluminescence response of the antenna with a 

spectrally resolved two-pulses correlation configuration (illustration in Fig.1). Unexpected 

time-dependent nonlinearity orders varying from 1 to 8 are detected which provide new 

insights into the MPL underlying processes [6]. 

Fig. 1 (a) Nonlinear emission spectrum of a gold nanoantenna under femtosecond illumination. 

Autocorrelation traces of SHG emission (b) and Mulitphotonluminescence (c) of the same 

nanoantenna. 

[1] M. Kauranen & A. V. Zayats, “Nonlinear Plasmonics”, Nature Photonics 6, 737 (2012)  
[2] S. Bin Hasan, F. Lederer, C. Rockstuhl, “Nonlinear plasmonic antennas”, Materials Today 14, 478 (2014) 

[3] A. Baron, S. Larouche, D. J. Gauthier, & D. R. Smith, “Scaling of the nonlinear response of the surface plasmon polariton at a 
metal/dielectric interface”. J. Opt. Soc. Am. B. 32, 9 (2015). 

[4] O. Demichel, M. Petit, S. Viarbitskaya, R. Mejard, F. de Fornel, E. Hertz, F. Billard, A. Bouhelier, & B. Cluzel. « Dynamics, efficiency 

and energy distribution of nonlinear plasmon-assisted generation of hot carriers”, ACS Photonics 3, 791 (2016) 
[5] R. Méjard, A. Verdy, O. Demichel, M. Petit, L. Markey, F. Herbst, R. Chassagnon, G. Colas-des-Francs, B. Cluzel & A. Bouhelier, 

Advanced engineering of single-crystal gold nanoantennas, Optical Materials Express 7, 284709 (2017) 

[6] R. Méjard, A. Verdy, M. Petit, A. Bouhelier, B. Cluzel, O. Demichel, “Energy-resolved hot-carrier relaxation dynamics in 

Monocrystalline Plasmonic Nanoantennas”, ACS Photonics 3, 1482 (2016) 
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Absorption of light by gold nanoparticles under ultrashort laser 

pulses: not necessarily what you might think 
X. Hou1, N. Djellali1, and B. Palpant1* 

1Laboratoire de Photonique Quantique et Moléculaire, CentraleSupélec, Ecole Normale 

Supérieure Paris-Saclay, Université Paris Saclay, CNRS UMR 8537, 3 rue Joliot Curie, F-

91190 Gif-sur-Yvette, France 
*bruno.palpant@centralesupelec.fr

Exciting plasmonic nanoparticles by subpicosecond laser pulses can generate a lot of interesting 

phenomena, which can be further exploited in chemical or biomedical applications: localized 

overheating [1-3], photoluminescence [4], electron emission, production of free radicals in water [5], 

cavitation [6]. In order to quantitatively analyze and optimize these effects, proper evaluation of the 

light pulse power absorbed by the nanoparticles is highly required. However, in the literature the only 

stationary properties are considered for that purpose. In this communication, we show that this may be 

invalid owing to the optical nonlinearity associated with the photo-generated hot electron distribution. 

We demonstrate through a simple optical transmission experiment the influence of hot electrons on 

the absorption cross section of gold nanorods, excited by subpicosecond laser pulses tuned to the 

longitudinal plasmon resonance spectral domain. The partial melting threshold of the nanorods is 

reached for a peak intensity of 5 GW/cm2, corresponding to a volume density of energy of 2.2 aJ/nm3. 

Below this threshold, the experimental results are interpreted through a model which accounts for the 

nonthermal nature of the electron distribution and the possible multiphoton excitation [7]. The 

variation of the effective optical absorption cross-section, <σabs>, with laser peak intensity reveals a

strong and complex nonlinearity, which in addition depends on laser wavelength and nanoparticle 

shape, <σabs> being either larger or smaller than the stationary cross-section value. Besides, we show

that for a given pulse energy, the shorter the pulse duration, the greater this deviation from the 

stationary value. Finally, we illustrate the concrete implications of this discrepancy through the 

evaluation of the nanoparticle temperature reached after photothermal conversion (see Figure). 

Figure. Maximum temperature increase in gold 

nanorods (aspect ratio = 4) induced by 

photothermal conversion of 100-fs laser pulses 

tuned to the longitudinal plasmon mode, as a 

function of the pulse peak intensity. Blue: 
Evaluation by considering the stationary value of 

the absorption cross section. Red: Calculation 

accounting for the ultrafast transient evolution of 

the electron distribution during the pulse passage. 

At 1 GW/cm2 the temperature increase reaches only 

~1/3 (365 °C) of what is predicted with the usual 

basic assumptions of the literature [1-3] (1002 °C). 

[1] M. Rashidi-Huyeh and B. Palpant, J. Appl. Phys. 96 (8), 4475–4482 (2004).

[2] G. Baffou and H. Rigneault, Phys. Rev. B 84, 035415 (2011). 

[3] B. Palpant, in “Gold nanoparticles for physics, biology and chemistry”, pp. 87–130, C. Louis and O. Pluchery, ed.
(World Scientific, 2017). 

[4] T. Haug, P. Klemm, S. Bange, and J. M. Lupton, Phys. Rev. Lett. 115, 067403 (2015). 

[5] T. Labouret, J.-F. Audibert, R. Pansu and B. Palpant, Small 11 (35), 4475-4479 (2015). 

[6] E. Boulais, R. Lachaine, A. Hatef, and M. Meunier, J. Photochem.and Photobio. C: Photochemistry Rev. 17, 26 (2013). 

[7] T. Labouret and B. Palpant, Phys. Rev. B 94, 245426 (2016). 
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Light-Emitting Semiconductor Metasurfaces 
Isabelle Staude1* 

1 Institute of Applied Physics, Abbe Center of Photonics, Friedrich Schiller University Jena, 
Germany 

*Isabelle.staude@uni-jena.de

Optical metasurfaces composed of designed semiconductor nanoresonators can provide exquisite 
control over polarization, spectrum and wavefront of light fields [1]. Usually, in order to generate 
light fields with desired properties, metasurfaces rely on their illumination by a known incident field, 
which is transformed into the desired light field upon transmission or reflection. However, the 
integration of nanoscale emitters into the metasurface architecture may offer an avenue to overcome 
this limitation and to realize metasurface able to directly emit tailored light fields. By positioning 
spectrally matched nanoemitters near or inside the nanoresonators, light emission processes, including 
spontaneous emission and nonlinear frequency generation, can be enhanced into particular spatial 
and/or spatial modes (see Fig. 1(a)). This talk will give an overview of our recent advances in the 
experimental realization of such light-emitting semiconductor metasurfaces. 

Figure 1. (a) An artist’s impression of a light-emitting metasurface. (b) Back-focal plane image of emission 
from an amorphous silicon metasurface situated on a fluorescent glass substrate [2] and (c) of second-

harmonic emission from a GaAs metasurface [3]. 

On the one hand, we explore different strategies to integrate emitters into the metasurface, including 
quantum dots, monolayers of transition metal dichalcogenides, trivalent lanthanide ions, and defects 
and impurities in glass [2]. We show that a suitably designed metasurface allows for systematic 
reshaping of the emission spectrum and pattern, resulting in enhanced directional emission out of the 
substrate plane (see Fig. 1(b)). On the other hand, we study nonlinear frequency generation in 
metasurfaces composed of III-V semiconductors [3], offering strong second order nonlinear 
susceptibility. We show that the generated second harmonic is predominantly emitted into the first 
diffraction orders of the periodic arrangement (see Fig. 1c). Furthermore, we reveal that the generated 
nonlinear light field depends sensitively on the metasurface geometry, the type of the resonance 
excited by the fundamental harmonic field, and the incident polarization. Our results indicate that 
resonant semiconductor metasurfaces are interesting candidates for the realization of flat sources of 
spatially and spectrally tailored light fields for applications e.g. in displays and lighting, 

Financial support by the Thuringian State Government within its ProExcellence initiative (ACP2020) and the German Research Foundation 
(STA 1426/2-1)) are gratefully acknowledged. This research was in part funded by the German Ministry of Education and Research under 
the project identifier 13N14147; responsibility for the content of this work resides with the author.  

[1] I. Staude und J. Schilling, “Metamaterial-inspired silicon nanophotonics”, Nature Photon. 11, 274–284 (2017). 

[2] A. Vaskin, J. Bohn, K. Chong, M. Zilk, T. Bucher, D. Choi, D. Neshev, T. Pertsch, and I. Staude, ACS Photonics, Article 
ASAP, DOI: 10.1021/acsphotonics.7b01375 (2018). 

[3] F. Löchner, A. Fedotova, S. Liu, G. Keeler, G. Peake, S. Saravi, M. Shcherbakov, S. Burger, A. Fedyanin, I. Brener, T. 
Pertsch, F. Setzpfandt, and I. Staude, submitted (2018). 
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Hyperbolic metamaterials in the ultraviolet 
William P Wardley1, Francisco Rodriguez Fortuño1, Anatoly Zayats1 and Wayne Dickson1 

1 Photonics and Nanotechnology Group, Department of Physics, King’s College London 
william.wardley@kcl.ac.uk 

In the last fifteen or so years, plasmonics has permeated fields as varied as optical computing, 
supersensitive bio-detection and novel optical element design, and proven itself as a valuable means of 
achieving new or significantly enhanced optical functionalities. One particularly interesting subset of 
plasmonic systems is optical metamaterials, where systems comprised of sub-wavelength elements allow 
the possibility of properties rarely or never seen in natural materials. These have included the theoretical 
description and implementation of both hyperlenses and invisibility cloaks, as well as the use of 
metamaterials as biosensors[1] and as ultrathin polarisation control elements[2].  

To date, the vast majority of optical metamaterial research has been completed in the visible or near 
infrared wavelength ranges, using materials suitable for this region, such as metal/dielectric hybrid 
structures utilising the coinage metals (Au, Ag, Cu) or more recently novel plasmonic media such as Cu2S 
and TiN. However, there has been much less research performed in the ultraviolet (UV) wavelength 
region, not least in part due to the incompatibility of the coinage metals to these wavelengths due to 
high inter- and intraband losses[3]. However, the UV presents several significant advantages such as 
plasmonically enhanced biological auto-fluorescence, photo-chemistry, high frequency non-linear 
materials as well as their suitability for use as surface enhanced resonant Raman substrates.  

Here we demonstrate the development and characterisation of a large area, self-assembled hyperbolic 
metamaterials for use in the ultraviolet wavelength range. Anodised aluminium oxide (AAO) provides a 
template for the growth of nanorods of deep-UV suitable metals, including aluminium and gallium. The 
metamaterials themselves consist of nanorods with geometric parameters smaller than the free-space 
wavelength of UV light (diameter of around 25nm, inter-rod separation around 60nm. The exact 
geometric parameters are controlled by variations in the anodisation conditions, such as applied voltage 
or choice of anodising acid medium, allowing tunability of the spectral response of the metamaterial. The 
nanorods themselves are produced via electrodeposition of the metals using ionic liquids in an inert 
atmosphere. Aluminium is well documented to be the best choice of material for UV plasmonic and 
metamaterial use, due to its large, negative real permittivity and low imaginary permittivity in the UV 
range, and gallium presents interesting behaviour due to its relatively low melting point (30oC), with the 
liquid and solid state showing significant differences in optical properties. Both systems have been 
optically characterised across the UV and visible wavelength ranges and compared with numerical 
modelling in order to analyse and describe their behaviour.  

Schematic of nanorods, shown embedded in alumina matrix, and SEM image of gallium nanorods in alumina 

[1] Kabashin, A.V., et al., Plasmonic nanorod metamaterials for biosensing. Nat Mater, 2009. 8(11): p. 
867-71 
[2] Nicholls, L.H., et al., Ultrafast synthesis and switching of light polarization in nonlinear anisotropic 
metamaterials. Nat Photonics, 2017. 11 p628-633 
[3] Gérard, D. and S.K. Gray, Aluminium plasmonics. Journal of Physics D: Applied Physics, 2015. 48(18): p. 
184001 
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Large-scale epitaxial VO2 nanorod films as tunable dielectric 

metasurfaces for modulation in the infrared 

F. Ligmajer1,2,3, L. Kejík 1,3, U. Tiwari4, M. Qiu5, J. Nag6, M. Konečný2, T. Šikola1,2, W. Jin5, 

R. F. Haglund Jr.6, K. Appavoo4*, D. Y. Lei3* 

1 Central European Institute of Technology, Brno University of Technology, Purkyňova 123, Brno, 612 00, Czech Republic 

2 Institute of Physical Engineering, Brno University of Technology, Technická 2896/2, Brno, 616 69, Czech Republic 

3 Department of Applied Physics, The Hong Kong Polytechnic University, Hong Kong, China 

4 Department of Physics, The University of Alabama at Birmingham, Birmingham, Alabama 35294, United States 

5 Department of Electrical Engineering, The Hong Kong Polytechnic University, Hong Kong, China 

6 Department of Physics and Astronomy, Vanderbilt University, Nashville, Tennessee 37235-1807 United States 

*dangyuan.lei@polyu.edu.hk 

*appavoo@uab.edu

Tunable metasurfaces that allow fast control of their optical properties via external stimuli are of great 

importance for many technological applications. Typically, their tunability is achieved by means of 

the constituent materials (e.g. transparent conductive oxides like ITO or phase transition materials like 

VO2), which serve either as the tunable substrates (and thus influence the metasurface only indirectly) 

or they must be nanostructured by a complicated and time intensive top-down lithographic process.  

We will present a novel strategy for fabricating large-scale tunable dielectric metasurfaces. With no 

need for lengthy nano-lithographic fabrication we prepared a deep-subwavelength nanostructured film 

of VO2 nanobeams that can serve as a light modulator in the infrared. Our metasurface exhibits 

substantial modulation depth exceeding 9 dB across all telecommunication wavelength bands with the 

transmittance in the “on” state above 80% from near- to mid-infrared region. Our numerical 

simulations also clarify the relationship between metasurface film morphology (nanorod height, 

width, and edge-to-edge distance) and the resulting optical properties. 

Figure 1. Three-dimensional rendering of the VO2 nanobeams based on the topography measured using atomic 

force microscope. 

ACKNOWLEDGMENT: 

The authors thank Ondřej Caha for his assistance with XRD measurements. This work was supported by the MEYS CR 

(project No. LQ1601 – CEITEC 2020) and it was also carried out with the support of CEITEC Nano Research Infrastructure 

(ID LM2015041, MEYS CR, 2016-2019). JN and KA were supported for the fabrication and characterization of the sample 

by the National Science Foundation (EECS-0801985) and the Office of Science, United States Department of Energy (DE-
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LK thank the support by the Hong Kong Polytechnic University under the Research Student Attachment Programme for 
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Optical Aggregation of Gold Nanoparticles for SERS Detection of 

Proteins and Toxins in Liquid Environment 
Antonino Foti 1,†, Cristiano D’Andrea1,‡, Valentina Villari1, Norberto Micali1,  

Maria Grazia Donato1, Barbara Fazio1, Onofrio M. Maragò1, Raymond Gillibert2, 

Marc Lamy de la Chapelle 2,3 and Pietro G. Gucciardi1,* 

1CNR-IPCF, Viale F. Stagno D’Alcontres 37, I-98168 Messina, Italy 
2 Laboratoire CSPBAT, Université de Paris 13, Sorbonne Paris Cité, CNRS, 74 Rue Marcel-

Cachin, F-93017 Bobigny, France;  
3 Institut des Molécules et Matériaux du Mans (IMMM-UMR CNRS 6283), Université du 

Mans, Avenue Olivier Messiaen, 72085 Le Mans, France 
† Now at LPICM, Ecole Polytechnique, CNRS, 91128 Palaiseau, France. 

‡Now at CNR—IFAC, I-50019 Sesto Fiorentino (FI), Italy 
* gucciardi@ipcf.cnr.it

Svedberg et al. [1] in 2006 first showed the possibility to create SERS-active dimers in liquid by 

optical manipulation of metal NPs. This experiment paved the way to new strategies for SERS 

detection in liquid [2] and lab-on-chip microfluidic architectures [3] via optical manipulation of 

colloids. We recently applied optically induced aggregation of gold nanorods to the SERS detection 

of amino acids and proteins in liquid (LIQUISOR, Figure 1) with sensitivity down to 100 nM in 

concentration, showing the potential of this technique in the field of biomolecular sensing [4]. 

Figure 1. (a) Sketch of the LIQUISOR methodology in which a focused laser beam is used to optically 

aggregate BIO-NRC complexes (inset) dispersed in solution. (b–d) Optical pictures of BIO-NRC aggregates 

produced sequentially to print the word “SERS” (e) in liquid. Scale bar in (e) is 15 µm. Optical printing of each 

spot requires ca. 3 min. 

Here [5] we examine in more depth the LIQUISOR detection of BSA, correlating the SERS signal 

with concentration and carrying out a dimensional (light scattering) and spectroscopic study (localized 

plasmon resonance) of the interaction between BSA and CTAB-capped gold nanorods at 

concentrations form 100 µM to 50 nM. A model is developed describing the optical aggregation 

process that fits the power law dependence of the SERS signal on the concentration. Optical printing 

of BSA-nanorod complexes is demonstrated on non-functionalized glass substrates, writing custom 

patterns. With the aim of extending the application spectrum of the LIQUISOR methodology, we 

report first results on hemoglobin and catalase, two Raman Resonant hemeproteins, detected in liquid 

at concentrations of 10 nM and 1 pM, respectively. Finally, we show first results on the use of 

nanorods functionalized with specific aptamers for the capture and SERS detection, in liquid, of 

Ochratoxin A (OTA), a fungal toxin occurring in food commodities and wine. These latter 
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experiments represent the first step towards the addition of high molecular specificity to the 

LIQUISOR methodology.  

[1] Svedberg, F.; Li, Z.; Xu, H.; Käll, M. Nano Lett. 2006, 6, 2639–2641. 

[2] Tanaka, Y. et al. J. Phys. Chem. C 2009, 113, 11856. 

[3] Tong, T. et al. Lab. Chip. 2009, 9, 193–195. 

[4] Fazio, B.et al. Sci. Rep. UK 2016, 6, 26952 

[5] Foti, A. et al. Materials 2018, 11, 440 
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Near field frustration using single and multiple scatterers 

Fabrice Lemoult, Ignacio Izeddin, Mathias Fink, Claude Boccara* and Geoffroy Lerosey 

Institut Langevin ESPCI Paris, PSL Research University, 1 rue Jussieu, F-75005, Paris, 
France,  

*corresponding.author claude.boccara@espci.fr

The aim of Near Field Optics being to frustrate evanescent fields in order to get propagating ones a 
number of approaches intended to use sub-micrometre scattering probes that are scanned along the 
sample surface (SNOM). 

A scattering dielectric particle of size much smaller than the wavelength could play the role of 
scatterer but with a low efficiency; metallic antennas were found much efficient and able to reach �10-

3 wavelength in resolution thanks to the field singularity at the tips; finally, plasmonic antennas led to 
more scattering efficiencies. 

In this talk, inspired by what has been achieved in the microwave or acoustic range, we would 
like to discuss various possible approaches that avoid scanning and lead to the far field observation of 
the near fields.  

Indeed, a first breakthrough was realized when far field focusing much below the wavelength scale 
using a time reversal approach. Later, other approaches that we will describe, opened the path to the 
observation of the near field distribution from the far field. 
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Near-field scanning optical microscopy is a powerful technique for investigating the interaction of 

light  with nanophotonic structures [1]. Light that is confined to a sample can be detected by placing 

an aperture probe very close to the surface such that the evanescently decaying electromagnetic (EM) 

field above the interface can couple to a guided mode in the probe. However, when the EM modes of 

the sample are strongly confined in space and/or have a high Q, they can be perturbed by the presence 

of the probe [2]. The use of optical cloaking techniques to the probe may provide an elegant and 

effective way to overcome this issue [3]. 

The interactions between the probe and the sample can be understood in terms of induced dipole 

moments on the probe aperture. Electric induced dipole moments typically cause a red-shift of a mode 

resonance whereas magnetic induced dipole moments typically cause a blue-shift. By adding two slits 

on opposing sides in the aluminium coating of an aperture probe (fig. 1a), the capacitive and inductive 

impedance of the probe can be modified. We aim to balance these such that the induced dipole 

moments optimally cancel each other and thus effectively cloaking the near-field probe from resonant 

modes, while still scattering light into the guided mode of the probe. 

We investigated the interaction between a 1D photonic crystal cavity [4] and both a conventional 

near-field probe and one with slits. By raster scanning the probe in planes above the cavity, we can 

reconstruct a full 3D map of the EM field above the sample (fig. 1b). Furthermore, we obtain the 

amplitude and phase of the light transmitted by the structure via interferometry and we sweep the 

wavelength for each point in our measurement. This allows us to meticulously investigate the 

influence of the probe on the cavity. We observe a clear difference between the in-plane map taken 

with a normal probe (fig. 1c) and a slit-probe (fig. 1d). Our results show that by tuning the structure of 

the probe one can modify the interaction with the resonant mode of the sample, paving the way for 

non-perturbative near-field measurements. 

Figure 1. a) SEM picture of coated near-field probe with slits. b) 3D map of the EM field above the cavity. 

c) Surface near-field map measured with normal probe. d) Surface near-field map measured with split-probe.

The authors acknowledge financial support from the European Research Council (ERC Advanced 

Grant No. 340438-CONSTANS). 
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Scanning near-field optical microscopy and spectroscopy of 

semiconductor molecular thin film 
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The high resolution optical technique combining scanning probe microscopy and optical microscopy 

has shown its distinct capability in characterizing single emitters with high sensitivity and topography 

information. Based on the lightning-rod and plasmonic resonance effects, a strongly confined 

electromagnetic field within a nanogap between a sharp tip apex and a sample surface can be 

generated. The highly enhanced electric near-field even makes the visualization of a single molecule 

possible [1]. Our group has actively contributed to the development of high resolution optical 

techniques in a variety of aspects, [1, 2] such as low temperature scanning near-field optical 

microscopy (SNOM) of single dye molecules at 10 K, [3] and SNOM combined with fs- or ps- laser 

excitation [4]. To realize a precise distance-control over the nanogap, we combined shear-force and 

tunneling current feedbacks with confocal optical microscopes. Higher-order laser modes, such as 

radial and azimuthal polarizations, are implemented which allow to study the polarization dependent 

excitation and detection of Raman/photoluminescence of single emitters with high selectivity [5].  

In this talk, our latest progresses in developing novel optical techniques for studying semiconductor 

materials at the nanometer scale will be presented: 1) local observation of phase segregation in mixed-

halide perovskite and 2) characterization of the local crystallinity in Si nanomaterials processed with a 

helium-ion microscope [6]. 

[1]  a) Z. C. Dong, X. L. Zhang, H. Y. Gao, et al., Nature Photonics 4 (2010) 50; 

b) J. Steidtner, B. Pettinger, Phys. Rev. Lett., 100 (2008) 236101;

c) A. Kern, D. Zhang, M. Brecht, et al., Chem. Soc. Rev., 42 (2014) 965.

[2]  a) X. Wang, K. Braun, A. J. Meixner, D. Zhang*, et. al., Adv. Func. Mater., 20 (2010) 492; 

b) D. Zhang*, U. Heinemeyer, C. Stanciu, et al., Phys. Rev. Lett., 104 (2010) 056601;

c) X. Wang, H. Azimi, A. J. Meixner, D. Zhang* et al., Small, 7 (2011) 2793;

d) S. Jäger, A. Kern, D. Zhang, A. J. Meixner*, et al., Nano Lett., 13 (2013) 3566.
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The coherent exchange of optical near fields between two neighboring dipoles plays an essential role 

for the optical properties, quantum dynamics and thus for the function of many naturally occurring 

and artificial nanosystems [1,2]. These interactions are inherently short-ranged, extending over a few 

nanometers only, and depend sensitively on relative orientation, detuning and dephasing, i.e., on the 

vectorial properties of the coupled dipolar near fields. This makes it challenging to analyze them 

experimentally.  

Here, we introduce plasmonic nanofocusing [3] spectroscopy to record coherent light scattering 

spectra with 5-nm spatial resolution from a small dipole antenna, excited solely by evanescent fields 

and coupled to plasmon resonances in a single gold nanorod [4]. We resolve mode couplings, 

resonance energy shifts and Purcell effects as a function of dipole distance and relative orientation, 

and show how they arise from different vectorial components of the interacting optical near-fields. 

Our results pave the way for using dipolar alignment to control the optical properties and function of 

nanoscale systems. 

Figure 1. Plasmonic nanofocusing scattering (PNS) spectroscopy of gold nanorods. a, Broadband surface 

plasmon polariton (SPP) waves are nanofocused to the apex of a gold taper and used for local light scattering 

spectroscopy of 40 𝑛𝑚 x 10 𝑛𝑚 gold nanorods. b, (top) PNS spectra recorded with the nanofocusing source 

placed on the glass substrate (blue) and at the apex of a nanorod (black). (bottom) Normalized nanorod PNS 

spectrum (black) together with a fit to a Fano-type lineshape function (red). c, (left) Topography image of gold 

nanorods (Positions A-C) and a nanorod dimer (D). (right) PNS spectra were recorded at each pixel during the 

scan. The false color image shows the normalized scattering intensity close to the nanorod resonance (1.54 𝑒𝑉). 

d, Normalized PNS spectra extracted at the apices of particles A-D (black) and corresponding Fano fits (red). 

[1] Zhang, Y. et al., Nature 531, 623 (2016). 
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How the aggregation and local morphology affect the charge transport process is one of the key 

issues in polymer solar cells [1]. Here we investigate P3HT polymer with two distinct nano structures; 

self-assemble P3HT nanowires and spin-coated P3HT amorphous networks. We use the scanning 

near-field optical microscopy (SNOM) to probe the local fluorescence simultaneously with the AFM 

topographies. The spatial resolution of the SNOM fluorescence imaging reaches beyond 60 nm. The 

amorphous network P3HT shows various location-dependent spectra which indicate the random 

distribution of amorphous and semi-crystalline areas [2]. On the other hand, self-assemble P3HT 

nanowire shows two types of spectra at the center and edge of the nanowire. By the detail 

topographies provided by high-resolution AFM, we could resolve the fine structure of P3HT 

nanowires and propose a crystalline/amorphous co-existing model structure for the P3HT nanowires.  

Figure 1: (a) Setup of cantilever AFM based SNOM measurement. (b) The 

topography and (c) simultaneous SNOM fluorescence imaging of P3HT nanowires. 

 [1] G. Li, R. Zhu and Y. Yang, Nat. Photon. 6, 153-161 (2012). 

 [2] R. Noriega, J. Rivnay, K. Vandewal, F. V. Koch, N. Stingelin, P. Smith, M. F. Toney, and A. Salleo, Nat. Mater. 12, 

1038-1044 (2013). 
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Low-temperature scattering scanning near-field
optical microscopy on lacunar spinel GaV4S8
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4 Budapest University of Technology and Economics, 1111 Budapest, Hungary.

5 Institut für Physik, Universität Augsburg, 86159 Augsburg, Germany.
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Scattering scanning near-field optical microscopy (s-SNOM) is a powerful technique to probe
a sample’s local permittivity with a resolution far beyond the diffraction limit. Applications
of s-SNOM include the investigations of ferroelectric domains [1], plasmons [2], and phonon
polaritons [3], just to name a few. Here, we present a s-SNOM setup in a liquid-helium-cooled
cryostat, that uniquely enables the operation over the temperature range from T=4-300K [4].
Moreover, we combine this setup with a narrow-line tunable free-electron laser covering the full
mid-IR to THz regime (λ=4-250µm). We use the possibilities offered by this setup to investigate
ferroelectric domains in multiferroic GaV4S8 (111) single crystals in their rhombohedral phase.
The lacunar spinel GaV4S8 shows a complex magnetic phase diagram below T=12.7K, in-
cluding an intriguing Néel-type skyrmion phase (Fig. 1 a) [5,6,7]. This hexagonal skyrmion lat-
tice is expected to be affected by the crystal’s ferroelectric domain structure. Until now, the
nanoscopic properties of GaV4S8 have been mainly investigated by low temperature magnetic
force microscopy (MFM, Fig. 1 b) [5]. In this presentation we provide complementary informa-
tion of the ferroelectric domain pattern via s-SNOM, piezoresponse force microscopy (PFM),
and Kelvin probe force microscopy at low temperatures [4,7]. We obtain the spectral response
around the phonon resonance F2 (Fig. 1 c), images of the domain distribution (Fig. 1 d, e) as well
as information on the local polarization orientations.

Figure 1: a) Phase diagram of GaV4S8 with the magnetic field aligned along the [111] axis [6].
b)Hexagonal skyrmion lattice as investigated via MFM [5,7]. c) Spectral behaviour of the near-field
resonance around λ=31.5 µm. d) PFM measurement showing ferroelectric domains [7]. e) s-SNOM
imaging of GaV4S8(111) at λ=31.5 µm, probing structural domains.

[1] J. Döring et al., Applied Physics Letters 105, 053109 (2014).
[2] A. Woessner et al., Nature Materials 14, 421 (2015).
[3] S. Dai et al., Science 343, 6175 (2014).
[4] D. Lang et al., Review of Scientific Instruments 89, 033702 (2018).
[5] I. Kézsmárki et al., Nature Materials 14, 1116 (2015)
[6] E. Ruff et al., Science Advances 1, 10 e1500916 (2015).
[7] A. Butykai et al., Scientific Reports 7, 44663 (2017).
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wide-field techniques
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Recent advances in the fabrication and manipulation of nanostructured media, highlighted the need for super-
resolved techniques for the characterization of light-matter interaction at the nanoscale. The potential of 
scanning probe near-field microscopy has been widely explored and its coupling with fluorescent emitters has 
shown the possibility to simultaneously map the fluorescent intensity and lifetime with nanometer accuracy 
[1]. However, as a drawback, such techniques demand a remarkable experimental knowhow and non-
negligible implementation costs.  

In this presentation, we will show a novel technique developed at Institut Langevin for super-resolved lifetime 
imaging based on far-field single-molecule localization microscopy (SMLM). SMLM is widely used in the 
fields of biophysics and cell biology to visualize previously hidden phenomena about structural and dynamic 
biomolecular processes [2]. In SMLM, the sample is densely tagged with fluorescent molecules, but the 
stochastic activation of a sparse subset of fluorophores makes it possible to detect them independently and 
thus to be localized with high precision (~10 nm). A super-resolved intensity image can then be reconstructed. 
However, the simultaneous measurement of fluorescent intensity and lifetime in SMLM was considered as a 
technical hurdle hard to overcome.  We have tackled this issue by simultaneously detecting fluorescence 
photons on both a time-resolved single-channel avalanche photodiode for lifetime measurements and a high 
sensitivity camera for super-localization. We experimentally demonstrate the performance of the technique 
by studying the lifetime reduction induced by a silver nanowire, and we show that the proposed experimental 
setup enables a localization precision of 10 nm as well as a relative error of 10% for lifetime estimations over 
values covering more than one order of magnitude [3]. A sketch of the sample as well as the experimental 
results are shown in fig. 1. Numerical simulations, in a very good agreement with experiments, reinforce the 
validity of the technique. An upgrade of the experimental setup to extend the field of view from 1 to tens of 
microns is currently in progress. 

References 

[1] R. Carminati, et al. "Electromagnetic density of states in complex plasmonic systems." Surface Sci Rep 70,1 (2015) and references therein. 

[2] M. J. Rust, et al. "Sub-diffraction-limit imaging by stochastic optical reconstruction microscopy (STORM)." Nature Methods 3,793 (2006)

[3] D.Bouchet, et al. submitted.  

Figure 1. Left: Sketch of the sample. Right: Map of the decay rate of single molecules for the 
sample sketched on the left. The size of each point is 10 nm and is representative of the 

localisation precision. The colour of the points indicates the measured decay rate (the inverse of 
the lifetime).
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Nanoantennas made of silver nanorods 
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Gold nanobipyramids (NBPs) have two atomically sharp tips. Their longitudinal dipolar plasmon 
wavelengths can be synthetically tuned from the visible to the near-infrared region. They are uniform 
in shape and size, with the ensemble plasmon linewidths nearly identical to those of individual Au 
NBPs. They have narrow plasmon linewidths, high refractive index sensitivities and large local 
electric field enhancements. We have recently developed a method for the synthesis and purification 
of Au NBPs [1,2] and found that Au NBPs can direct the growth of Ag nanorods [3,4]. With the 
increase in the amount of the Ag precursor, the shape of the product evolves from bipyramid through 
rice to rod. The produced Ag nanorods are nearly monodisperse. The diameter and length of Ag 
nanorods can be well controlled by using differently sized Au NBPs and supplying different amounts 
of the Ag precursor. As a result, we can synthesize Ag nanorods with longitudinal dipolar plasmon 
wavelengths synthetically tunable from ~700 nm to ~10 μm. Short Au@Ag nanorods exhibit higher 
refractive index sensitivities than the starting Au NBPs [3]. When the lengths of Ag nanorods are in 
the range of ~150–550 nm, well-controlled, higher-order longitudinal plasmon modes are observed 
[4]. These Ag nanorods can act as broadside nanoantennas when deposited on Si substrates, where 
light is scattered along the two side directions [5]. Moreover, they exhibit a color-routing behavior. 
Depending on the length, the Ag nanorods scatter light of different colors along different directions. 
When Ag nanorods are grown even longer, their longitudinal dipolar plasmon wavelengths can be 
controlled up to ~10 μm. They can therefore function as nanoantennas for surface-enhanced infrared 
absorption. 

The author acknowledges the financial support from Hong Kong Research Grants Council (General 
Research Fund, 14306817 and 14305314). 
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Light Emission from Gold Nanoparticles under Ultrafast Near-

Infrared Laser Excitation: The Case for Intraband Thermal 

Radiation 
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One of the longest-standing and most controversial issues in the photophysics of metals is the 

mechanism of light generation. While forbidden in the bulk, such processes become particularly 

pronounced in nanostructured thin films and nanoparticles. An especially intriguing process is the 

generation of up-converted luminescence: how can one distinguish between multi-photon interband 

transitions, anti-Stokes electronic Raman scattering, or intraband transitions in a radiatively heated 

electron gas? The power-law excitation intensity dependence of luminescence, which accompanies 

any non-linear up-conversion process, can be examined in dependence of the emission photon 

wavelength. This analysis is independent of precise knowledge of the spectral enhancement due to 

plasmonic resonances and can thus be applied both to random metal-dielectric surfaces [1] as well as 

to well-defined metallic nanoparticles [2]. Depending on whether wide-field or confocal excitation is 

used, different maximal excitation densities are reached. We demonstrate, on one and the same single 

particle, that in the low-intensity regime indeed two-photon interband transitions dominate, which 

exhibit a spectrally independent quadratic exponent. At high intensities, but below the damage 

threshold, the electron gas of the single particle becomes so hot that it radiates thermally and 

intraband transitions dominate. These give rise to a spectrally dependent power-law exponent, where 

the exponent is a linear function of the photon energy. At intermediate intensities, both effects occur, 

and thus may be misinterpreted as Raman processes that seem to be dominant under continuous-wave 

excitation [3]. 

Figure 1. Light emission from single gold nanorods under excitation by ultrashort near-infrared laser pulses. 

For each emitted wavelength, the emission can typically be described in terms of a power-law as function of  the 

excitation irradiance. The spectral dispersion of this power-law provides insight into the emission mechanism. 

The authors acknowledge the financial support by the German Research Foundation (DFG) through 

GRK1570 and by the European Research Council (ERC) through Starting Grant MolMesON 

(305020). The work was partially inspired by a Scialog Fellowship of the Research Corporation for 

Science Advancement. 
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Anti-Stokes luminescence activated remotely by surface plasmon 

polaritons propagating in silver nanowires on graphene  
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Silver nanowires can support surface plasmons polaritons (SPPs) propagating at the metal-dielectric 

interface. As such, they are like waveguides, capable of routing polaritons – and the associated energy 

– for distances reaching tens of microns [1]. It has been shown that polaritons can be used for remote

activation of fluorescence, Raman scattering and chemical reactions [2]. Recently we have found that 

surface plasmon polaritons, propagating in a silver nanowire (NW), can remotely activate up-

conversion luminescence of α-NaYF4:Er3+/Yb3+ nanocrystals (NCs).  

We prepared and experimentally investigated advanced hybrid nanostructure, consisting of relatively 

long (10-20 µm) silver nanowire placed on a graphene substrate. One end of the NW has been locally 

decorated by a small amount of the nanocrystals, as illustrated in Figure 1. We used confocal 

fluorescence microscope, equipped with a high numerical aperture objective, to activate SPPs by 

focusing infrared laser beam (980 nm) at the end of the nanowire where no NCs were present. 

Launched polaritons propagate towards the opposite end of the NW, where they efficiently activate 

luminescence of the NCs. Then, radiating nanocrystals activate “return” polaritons, which transport 

emission energy back to the starting point of laser excitation, as evidenced by characteristic up-

conversion luminescence detected at exactly this location.  

The results indicate that the efficiency of SPPs propagation and luminescence activation depends 

strongly on a substrate, and while it is less effective on graphene, the remote activation in such a 

nanostructure is still possible. Systematic analysis of many nanowires characterized with different 

lengths allowed to study the influence of the graphene substrate on the damping efficiency, which 

originates from polariton-graphene interactions. The efficiency of this process is also found to depend 

on the laser polarization and is more efficient for laser polarized along the nanowire [3].

Figure 1. Illustration of single silver nanowire on graphene, decorated by nanocrystals deposited on one end. 

Polaritons launched at the opposite nanowire end transfer excitation energy to nanocrystals, activate 

luminescence  and iniciate “return” polaritons, transporting emission energy to the starting excitation point.  

Research work supported by the National Science Center of Poland under projects no. 

2013/10/E/ST3/00034, 2016/21/B/ST3/02276 and 2013/09/D/ST3/03746. 
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Photoluminescence from noble metals is a well-known phenomenon that has been studied in recent 

years due to its applications in biochemical sciences. This phenomenon arises from the excitation of 

electrons from the valence band to the conductive band, creating an electron-hole pair that results in 

photon emission after a characteristic relaxation time. This process can be achieved by exciting the 

valence electrons with photons of similar energy to the valence to conductive band difference, or with 

two photons of half of the bandgap energy exciting the electrons almost at the same time. The latter is 

a third order nonlinear process known as Two Photon Luminescence (TPL), which is highly 

dependent on the intensity of the impinging light. This relatively weak TPL signal can be amplified 

by several orders of magnitude when produced by nanostructured metals, due to the resonant coupling 

with localized surface plasmons [1]. 

In this contribution we show the experimental characterization of the TPL signal of periodic arrays of 

gold nano-patch antennas placed on top of different substrates: silica substrate, gold substrate and 

gold plus silica substrate. The characterization is performed with a TPL Microscope Scanner using a 

Ti-Sapphire femtosecond pulsed laser (λ=760 nm, pulse duration ~180 fs, repetition rate ~80 MHz) 

[2]. The results from the images produced by the scanner, shows that the TPL signal is highly 

enhanced when a dielectric thin film lies between the nano-patch antenna and the gold layer, 

compared to the other two configurations. Because of the easiness of the fabrication process, these 

nanostructures stand as a convenient alternative for designing SERS substrates for biochemical 

sensing applications [3].   

Figure 1. (a) Schematic representation of the samples under study. (b)TPL spectra as a function of the incident 

power and (c) example of an image obtained with the TPL microscopy scanner. 

[1] G. T. Boyd, Z. H. Yu, and Y. R; Shen, Physical Review B 33 (12), 7923-7936 (1986). 

[2] S.  M. Novikov, J. Beerman, C. Frydendahl, N. Stenger, V. Coello, N. A. Mortensen and S. I. Bozhevolnyi, Optics 

Express 24 (15), 16743-16751 (2016). 

[3] S. M. Novikov, C. Frydendahl, J. Beerman, V. A. Zenin, N. Stenger, V. Coello, N. A. Mortensen, and S. I. Bozhevolnyi, 
ACS Photonics 4 (5), 1207-1215 (2017). 
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The vibrational behaviour of nano-objects has been investigated in the last 20 years using Raman and 

time-resolved spectroscopies, which enable the optical detection of a few vibrational modes and the 

measurement of their frequencies and quality factors. These experiments have largely clarified the 

dependence of vibrational frequencies on nano-object size, shape, crystallinity and environment [1]. 

However, many questions still remain open regarding vibrational damping, a process very sensitive to 

the interfacial and internal properties of the nano-objects (respectively affecting the emission of 

acoustic waves in the environment and intrinsic damping processes). Its quantitative study requires 

experiments on single nano-objects, to avoid the spurious inhomogeneous effects affecting ensemble 

measurements. 

The goal of this study was to explore a possible dependence of vibrational quality factors on nano-

object morphology, a parameter whose influence had not been investigated nor suggested previously. 

To do so, systematic time-resolved studies were performed on individual gold nanodisks (NDs) of 

various aspect ratios =D/h (with D and h their diameter and height) lithographed on a sapphire 

substrate. Detection and optical characterization of individual NDs were performed using spatial 

modulation spectroscopy [2], allowing the selection of the most circular ones. The time-resolved 

spectroscopy of these selected NDs enabled the detection of one or two acoustic modes, depending on 

the value of . Measurements evidenced the existence of two particular morphologies presenting a 

pronounced enhancement of vibrational quality factors, namely close to 2.5 (with Q  70, a value 

larger than those previously measured on single substrate-deposited nano-objects [1]) and close to 

6 (with Q  30). 

These experimental results were confronted to finite-element acoustic simulations accounting for the 

inhomogeneous ND environment. Analysis yielded frequencies similar to those of the 

experimentally detected modes and provided access to their associated displacement fields.  The 

detection of several modes in the low-frequency range could be ascribed to a substrate-mediated 

acoustic hybridization between ND vibrational modes, whose most spectacular result is a strong 

decrease of damping for specific modes and  values, in qualitative agreement with experimental 

observations. The computed maximal Q values were however much larger than the experimental 

ones, indicating the presence of intrinsic damping in the NDs, a still poorly understood damping 

source which had not been included in the simulations.  

1 A. Crut, P. Maioli, N. Del Fatti, and F. Vallée, Physics Reports 549, 1 (2015). 

2 A. Crut, P. Maioli, F. Vallée, and N. Del Fatti, Journal of Physics: Condensed Matter 29, 123002 (2017). 
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Quantum	 emitters	 radiate	 light	 omni-directionally,	 making	 it	 hard	 to	 collect	 and	 use	 the	
generated	photons.	Here	we	propose	 a	 3D	metal-dielectric	 parabolic	 antenna	 surrounding	 an	
individual	 quantum	 dot	 as	 a	 source	 of	 collimated	 single	 photons	 which	 can	 then	 be	 easily	
extracted	 and	 manipulated	 [1].	 Our	 fabrication	 method	 relies	 on	 a	 single	 optically-induced	
polymerization	 step,	 once	 the	 selected	 emitter	 has	 been	 localized	 by	 confocal	 microscopy.	
Compared	 to	 conventional	 nano-antennas,	 our	 geometry	 does	 not	 require	 near-field	 coupling	
and	 it	 is	 therefore	 very	 robust	 against	 misalignment	 issues,	 and	 minimally	 affected	 by	
absorption	 in	 the	 metal.	 The	 parabolic	 antenna	 provides	 one	 of	 the	 largest	 reported	
experimental	 directivities	 (D=106)	 and	 the	 lowest	 beam	 divergences	 (Θ=13.5°),	 a	 broadband	
operation	 over	 all	 the	 visible	 and	 near-IR	 range,	 together	 with	 more	 than	 96%	 extraction	
efficiency,	offering	a	practical	advantage	for	quantum	technological	applications	(see	Fig.	1).	

Figure 1. Unidirectional single photon emission from a single quantum dot interfaced with a 3D parabolic 
antenna [1]. Left panel presents an experimental far-field radiation pattern measured using Fourier 

spectroscopy. Right panel shows schematics of the experiment with a quantum dot placed in the focal point of a 
parabolic antenna; generated single photons are directed into a narrow beam with 13.5º opening towards a 

detector. 

______________________

[1]	S.	Morozov,	M.	Gaio,	S.	A.	Maier,	and	R.	Sapienza,	"Metal–Dielectric	Parabolic	Antenna	for	
Directing	Single	Photons",	Nano	Letters	Article	ASAP,	DOI:	10.1021/acs.nanolett.8b00557	
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