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Watching Dynamics of Individual Molecules using Gap Plasmons 
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2
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of Leeds, Leeds, UK 

Investigating chemical processes involving only a few or single molecules is key to deepening our 

understanding of molecular processes that are at the heart of a diverse array of fields. [1-3] 

However, most methods rely on inhospitable molecular environments, such as ultra-high vacuum, 

that are not compatible with living organisms and fail to emulate comparable conditions. Raman 

spectroscopy is an ideal tool for investigating these processes as it is label free, non-destructive, 

high precision, and operates in ambient conditions. 

We investigate individual gold nanoparticles sitting on a hybrid lipid bilayer on a gold film. The 

close proximity of the nanoparticle to the gold film allows the surface plasmons to couple to their 

image charges creating a tightly confined coupled plasmon mode. This mode can be used to monitor 

lipid diffusion below the nanoparticle by surface enhanced Raman spectroscopy (SERS). Dissolving 

a small amount of lipid tracer molecules in this layer allows us to follow this molecule moving in 

and out of the plasmonic hotspot over time. [4] Furthermore, we observe correlated and anti-

correlated mode shifts allowing direct analysis of the bending and flexing of individual lipid 

molecules in real time. 

 

Figure 1: a Geometry utilised: a gold nanoparticle is placed on a hybrid lipid bilayer on a gold film.  

Raman time series of an individual gold nanoparticle on a hybrid lipid bilayer. 

  

[1] D. M. Rissin, et al. Nat. Biotechnol. 28, 595 (2010). 

[2] M. Edidin. Nat. Rev. Mol. Cell Biol. 4, 414 (2003). 

[3] E. Bailo and V. Deckert, Angew. Chem. Int. Ed. 47, 1658 (2008). 

[4] R.W. Taylor, F. Benz, et al. Sci. Rep., 4, 5940 (2014). 
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Metal@Silica Plasmonic Nanoparticles for Biosensing and Cell Imaging 

 Denis Boudreau,  Jérémie Asselin,  Philippe Legros,  Félix-Antoine Lavoie,  

Mélina Drouin 

Chemistry and Center for Optics, Photonics & Lasers (COPL), Université Laval, 

Quebec City, Canada 

The development of nanomaterials displaying enhanced luminescence properties is an active field 

of research. In particular, it is known that the photophysical behavior of molecular dyes can be 

controlled by placing them at precise distances from metal nanoparticles, which is proving useful 

for the design of sensitive sensing strategies for various chemicals and biomolecules. Reproducible 

improvements in detection sensitivity and photostability can be obtained with core-shell 

nanoparticles composed of a nanometer-size metal core coated by multiple layers of silica. By 

careful control of the spacing between the core and fluorophores arranged in concentric layers, 

these nanostructures can be used to enhance Förster resonant energy transfer (FRET) efficiency and 

range between donor-acceptor pairs localized on these multilayer composite NPs. These multilayer 

core-shell nanoparticles present many of the features required of an ideal self-supported sensing 

platform: they offer high optical detection sensitivity, excellent chemical and photophysical 

stability, high dispersability in water, and facile surface functionalization. Furthermore, their 

mobility is an asset for probing the contents of extended sample volumes in biosensing applications. 

In this presentation, we will present recent progress accomplished with the design of hybrid core-

shell luminescent nanoparticles for bioanalytical applications, in particular for blood genotyping 

and functional cellular imaging. 
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Correction of Localized Surface Plasmon Resonance Spectra from AFM Artifacts by 

Inspection the Structure Undercut 

 Yi-Ping Chen,  Ding-Zheng Lin 

Material and Chemical Research Laboratories,  

Industrial Technology Reseach Insititute, Hsinchu, Taiwan 

Localized surface plasmon resonance (LSPR) spectrum is very sensitivity to the surrounding 

dielectric environment and has great potential for biosensing application.  To fabricate a high 

sensitivity and figure of merit (FoM) sensor with cost-effective method is an important issue.  In 

this work, a 405 nm Laser writer system based on the thermal lithography process was proposed to 

overcome the diffraction limit.  After thermal evaporating and lift-off process, a gold nanodisk array 

with diameter less than 200 nm was realized.  In order to increase the sensitivity and FoM of our 

LSPR chip, we modified the size of nanodisk by annealing process to tune the LSPR frequency 

close to the Rayleigh anomaly resonance frequency to excite the Fano resonance mode.  The 

geometric characteristics of the nanostructrues were analyzed by using atomic force microscope 

(AFM).  However, the undercut feature of nanodisk after annealing process cannot be resolved by 

AFM.  The misunderstanding of structure geometry caused great deviation between simulations and 

experiments.  To overcome this problem, a focused ion beam (FIB) system and scanning electron 

microscope (SEM) was used to analyze the cross section of nanostructures.  After modified the 

nanodisk structure with undercut in three-dimensional finite-difference time-domain (3D-FDTD) 

simulation, the resonance frequency is red-shifted and well coincident with measurement results. 

 

 

 

Figure 1.   Schematic diagram of undercutting effect of our LSPR chip after annealing process and 

artifact structure caused by AFM measurement 
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(a) (b)

 

 

Figure 2.  The comparison of measurement and simulation results (a)without consideration of 

undercut (b)with consideration of undercut 
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Utilizing Symmetry Breaking in Slot Nano-Antenna Arrays for achieving Outstanding Figure 

of Merit Values in Refractive Index Sensor 
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1
Department of Physical Electronics, School of Electrical Engineering,  

Tel Aviv University, Tel Aviv, Israel 
2
CST AG, Darmstadt, Germany 

Localized surface plasmon resonance (LSPR) is a promising alternative for the realization of label-

free biosensors based on refractive index (RI) sensing. Such sensors are attractive thanks to their 

simplicity, low-cost, and compact dimensions and have been demonstrated for applications ranging 

from medical diagnosis to environmental monitoring. The main challenge in exploiting LSPR for 

sensing is in increasing their sensitivity and, more importantly, their figure of merit (FOM). 

Furthermore, a major technological challenge involves the development of a simple platform such 

as the use of an optical fiber in which several materials, macro- and nano-structures are integrated, 

embedded and connected all together to provide the necessary physical connections and light-matter 

interactions. 

In this work we demonstrate a new concept for RI plasmonic sensing utilizing nano slot-antenna 

arrays (NSAAs) which are fabricated over a gold backplane reflector. Such array is illuminated by a 

linearly polarized beam at an angle which deviates slightly from the normal to the array plane. 

Utilizing the Wood‟s anomaly (WA) phenomenon, the antenna array attains high sensitivities 

exceeding 1020 nm/RIU and record level FOMs of up to 210, i.e. approaching the theoretically 

estimated limit. The large FOM is obtained due to the symmetry breaking caused by the non-

perpendicular illumination, which lifts the degeneracy of the left- and right-propagating surface 

waves corresponding to the WA. Owing to the non-perpendicular illumination employed here, the 

spectral notch in the scattered power associated with the WA occurs at two separated wavelengths, 

thus forming a narrow (~5 nm FWHM) peak. 

We will also present some recent advances in implementing this scheme on an optical fiber 

configuration and establishing highly sensitive label free detection of bio-molecules, as well as 

utilizing the slot antenna for real time detection of nano-particle trapping.   
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Wafer-scale Elliptical Nanohole Arrays 

 Arash Farhang,  Matthew C. George,  Brent Williamson,  Mike Black,   

Ted Wangensteen,  James Fraser,  Rumyana Petrova 

Optics, Moxtek Inc, Orem, Utah, USA 

Moxtek has leveraged existing capabilities in wafer-scale patterning of sub-wavelength wire grid 

polarizers into the fabrication of 1D and 2D periodic plasmonic structures. This work will discuss 

recent results in the 200 mm diameter wafer-scale fabrication of nanohole arrays (NHAs) on a glass 

substrate. Potential markets include medical diagnostics, forensic testing, environmental 

monitoring, and food safety.  

Specifically, a system composed of elliptical aluminum nanoholes in a hexagonal array is presented 

(Fig. 1). Such a system is found to exhibit four distinct plasmonic resonance bands, two at the 

aluminum air interface and two at the glass aluminum interface, which are redshifted with respect to 

the first two. One resonance at each interface corresponds to an incident polarization along the 

elongated hole diameter, while the other corresponds to an incident polarization along the shorter 

hole diameter (Fig. 2), i.e. orthogonal with respect to the former. The general position of these 

resonances is tuned via the periodicity/hole-to-hole separation.   

By varying the aspect ratio of the long and short elliptical hole diameters, one can also tailor the 

spectral separation of the two orthogonal resonances. This is very useful in surface enhanced 

fluorescence sensing (SEFS), as it allows for tuning of the resonances such that one overlaps with 

the excitation band of a fluorophore, while the other overlaps with its emission band. Additionally, 

the spectral distance between the two bands can be further increased in order to obtain simultaneous 

SEFS of dyes such as Cy3 and Cy5. Given that nanohole arrays have been shown to offer highly 

enhanced fluorescence capabilities in commercial microarray platforms
1
, such elliptical NHAs can 

have great implications for dual laser microarray readers, such as those offered by companies such 

as Agilent, Affymetrix, and Molecular Devices. 

[1] S. Attavar, et al., Lab on a Chip, Jan 2011, 11, 841-844. 
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Optimisation of Spectral Efficiency of Gold and Silver Nanoparticles for Bio-Sensing 

Applications; Size Dependence of Plasmon Resonance Frequencies and Damping Rates 

 Krystyna Kolwas,  Anastasiya Derkachova 

Laser Spectroscopy Group, Institute of Physics, Polish Academy of Sciences, 

Warszawa, Poland 

Noble metal nanoparticles (NPs) offer a variety of exciting possibilities in diagnostic and sensing 

applications. Resonant excitation of localized surface plasmons (LSP) in NPs give rise to a variety 

of effects, such as frequency dependent absorption and scattering as well the enhancement of the 

electric near-field. Sensitivity of LSP resonance frequency to the refractive index of the immediate 

environment and particle size is the basis for biochemical sensing or colorimetry. Plasmon 

enhanced electromagnetic fields are applied in surface-enhanced Raman spectroscopy (SERS), 

near-field microscopy and in high-sensitivity bio-sensing. Tailoring LSP characteristics and the 

manner they manifest in the spectra is of fundamental importance to such applications [1]. 

 

Understanding the fundamentals of resonant interaction of light with plasmonic nanoparticles is 

essential for studying LSP properties and for their optimal use. Direct plasmon characterization in 

terms of multipolar plasmon resonance frequencies (PRFs) and radiative and nonradiative damping 

rates (DRs) versus NPs size [2-4] allows deeper understanding of LSP features and greatly 

facilitates the optimisation of LSP in applications. We give direct size characteristics of PRFs and 

DRs for gold and silver NPs of diameter up to the 600nm in various environments, and discuss the 

manner their manifest in the absorption and scattering efficiencies spectra (see Figure, Ag NP). Our 

study can serve as a handy practical tool for predicting the spectral performance of single or 

colloidal nanoparticles, in estimation of the shift of plasmon resonances in colorimetric probes, or 

adjustment of the plasmon resonance frequency to the desired molecular transition. 

 

References 

[1] K. Kolwas, A. Derkachova, D. Jakubczyk, Book chapter in “Nanomedicine and Tissue 

Engineering, State of the Art and Recent Trends”, Apple Academic Press 2015, 

[2] K. Kolwas, A. Derkachova, J.Q.S.R.T., 114, 45 (2013), 

[3] K. Kolwas, A. Derkachova, Opto-Electr. Rev. 18(4) 429 (2010), 

[4] K. Kolwas, A. Derkachova, M. Shopa, J.Q.S.R.T. 110 1490 (2009). 
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Near Field Properties of Coupled Metallic Nanostructures 
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1
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Noble metallic nanostructures have great potential in optical sensing applications in the visible and 

the near-infrared frequencies, especially for water sensing. Hot spots with a large electric field 

enhancement usually come in small volumes, limiting their applications in surface-enhanced 

spectroscopy. Using a finite-difference time-domain method, we demonstrate that spiky 

nanoparticle dimers (SNPD) can provide hot spots with both large electric field enhancement and 

large volumes because of the pronounced lightning rod effect of spiky nanoparticles. We find that 

the strongest electric fields lie in the gap region when SNPD is in a tip-to-tip (T–T) configuration. 

The enhancement of electric fields intensity (|E|
2
/|E0|

2
) in T–T SNPD with a 2 nm gap can be as 

large as 1.21 × 10
6
. The hot spot volume in T–T SNPD is almost 7 times and 5 times larger than 

those in the spike dimer and sphere dimer with the same gap size of 2 nm, respectively. Our results 

provide a strategy to obtain hot spots with both intense electric fields and large volume by adding a 

bulky core at one end of the spindly building block in dimers. Using the same methodology, 

recently we have also investigated electromagnetic field enhancement in the gap between a flat 

metal surface and gold nanoparticle in several geometries. Both simulation results and experimental 

results show high potential for enhanced spectroscopic sensing and other optoelectronic 

applications. 
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Plasmonic Nanopores for Single Molecule DNA Sensing 
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Nanopores are ideal tools for studying single molecules, such as single molecule DNA strands, and 

are usually interrogated by analyzing ionic current fluctuations upon molecule passage. Combining 

surface plasmonic structures with a single solid-state nanopore, we aim to integrate surface 

enhanced Raman spectroscopy (SERS) inside the nanopore to provide chemical information on the 

passing molecules. Previously, we have well proved optical properties and SERS applications of 

such plasmonic nanopores. Here, we report a systematic ionic study and application of plasmonic 

nanopores. To eliminate the influence of metal on the nanopore impedance sensitivity, we suggest 

merging the dielectric (SiN) nanopore inside a larger metal (gold) nanopore-cavity to generate a 

hybrid pore. Based on a full understanding of ionic properties of nanopores, we can now 

demonstrate lambda phage DNA translocations through our hybrid pores. Folded events and the 

comparable duration time with conventional SiN pores indicate fluent DNA transport even with a 

surrounding gold layer. More interestingly, we first show that this kind of nanopore devices can be 

used as a fluidic valve upon laser excitations. Strong photoresistance switching is manifested as a 

large (500%) increase in the ionic nanopore resistance and accompanying current rectification at 

high laser powers (250%). The ability to dynamically control fluidic transport by using plasmonics 

may further accelerate the development of nanopore fluidics for simultaneously molecular 

manipulations and identifications. 

  

liyi@imec.be 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

11 

 

Plasmonic Modes on Arrays of Nanoparticle Aggregates 
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The exact knowledge of modes on nanoparticle aggregates is important to develop novel class of 

plasmonic biosensors. Main challenge in aggregates-based biosensor development is to improve the 

sensitivity and specificity of biosensors. 

Geometrical parameters of simple linear and wavy aggregates were determined, which are capable 

of resulting in absorption maxima according to the measurements. Simple linear aggregates made of 

11 nanoparticles with 0.6 nm gap were considered in 600 nm periodic arrays. It was proven that the 

relative dominance of maxima depends strongly on the γ azimuthal orientation qualifying the E-

field oscillation direction with respect to the long axes of aggregates and on the φ incidence angle 

during p-polarized light illumination. The eigenmodes of linear and wavy cysteine-covered silver 

nanoparticle aggregates in arrays were determined, and the standing and propagating modes 

developing as a result of illumination by oblique incident p-polarized light were studied. It was 

shown that the measured UV and red-shifted maxima can be explained by considering array-effects 

as well. Accordingly, the effect of vectorial grating coupling was analyzed and the order of 

couplings supporting the observed modes was determined. It was shown that the forward and 

backward propagating modes can result in standing modes appearance at oblique incidence. The 

possibility to enhance different higher order modes in appropriate configurations was demonstrated. 

 

 

 

Schematic drawing of the array of cysteine coated silver NP linear aggregates. Modes at the UV and 

red-shifted absorptance maxima at different illumination directions on a short linear aggregate. 

Vectorial diagram of grating couplings that contribute to the observable modes. 

A Szalai, Á Sipos, E Csapó, V Hornok, L. Tóth, M Csete, I Dékány: Proceedings of SPIE 

(2011) p. 80963B-1-80963B-9. (ISBN:9780819487063) 

 

A Szalai, Á Sipos, E Csapó, L Tóth, M Csete, I Dékány: Plasmonics 8 (1) (2013) p. 53-62. 

 

M Csete, A Szalai, E Csapó, L Tóth A Somogyi, I Dékány: “Journal of Physical Chemistry 

C – Nanomaterials and interfaces 118 (31) (2014) p. 17940-17955 
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Optimization of Plasmonic Structure Integrated Single-Photon Detector Designs 
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Superconducting nanowire single photon detectors (SNSPD) are devices to detect infrared light up 

to single-photon resolution with high speed. Plasmonic structures integrated into SNSPDs are 

capable of enhancing absorptance along with the reduction of kinetic inductance. Nano-cavity-array 

(NCAI), nanocavity-deflector-array (NCDAI) and nano-cavity-double-deflector-array (NCDDAI) 

were integrated around meandered pattern of 4 nm thick niobium-nitride (NbN) superconducting 

stripes [1, 2]. To find the optimal plasmonic structure integrated SNSPD configurations resulting in 

maximal NbN absorptance for p-polarized 1550 nm light illumination the built in algorithms of 

COMSOL were used, and all geometrical parameters as well as the illumination direction were 

varied. 

The highest p-polarized absorptance was achieved in S-orientation (γ=90° azimuthal angle) of all 

integrated SNSPDs. The highest 94.2% absorptance was attained in half-wavelength-scaled periodic 

NCAI-SNSPD at 76.4° tilting corresponding to the plasmonic Brewster angle. In half-wavelength-

scaled NCDAI-SNSPD plasmonic pass bands appeared, and the highest 94.6% absorptance was 

attained at 50.7° tilting due to refIectance suppression. In NCDDAI-SNSPD three-quarter-

wavelength-scaled pattern results in the largest 92.9% absorptance at 18.9° tilting due to first-order 

grating coupling. 

In the optimized configurations the spectral sensitivity and dispersion characteristics were 

investigated of all integrated SNSPD devices. The optical response for s-polarized light illumination 

was also inspected, and the achievable polarization contrast was determined. Finally the 

illumination direction and spectral sensitivity of the polarization contrast was examined, which is a 

crucial property of SNSPDs in quantum communication and cryptography. In conclusion: half-

wavelength-scaled deflector arrays promote to reach larger absorptance, while three-quarter-

wavelength-scaled double deflectors make possible to enhance polarization contrast considerably. 

 

(a) NbN absorptance and polarization contrast as a function of φ polar angle in integrated SNSPDs 

optimized by COMSOL. Dispersion relation of the optimized (b) NCAI-, (c) NCDAI- and (d) 

NCDDAI-SNSPD. Time-averaged E-field with power-flow arrows at maxima are depicted as 

insets. 

[1] M. Csete, A. Szalai, Á. Sipos, G. Szabó: Optics Express 20/15, 17065-17081 (2012) 

[2] M. Csete, Á. Sipos, A. Szalai, F. Najafi, G. Szabó. K.K. Berggren: Scientific Reports 3:2406 

(2012) 
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Harmonics Generation by Guided Surface Plasmon Polaritons on Single Plasmonic 

Nanowires 

 Anouk de Hoogh,  Aron Opheij,  Nir Rotenberg,  Kobus Kuipers 

Center for Nanophotonics, FOM Institute AMOLF, Amsterdam, Netherlands 

Nonlinear plasmonics has recently generated enormous interest as a route towards fully integrated 

nanophotonic devices, which require active manipulation and control of plasmonic signals. Recent 

advances in this area exploit the plasmonic field confinement and enhancement to increase the 

efficiency of nonlinear processes such as harmonic generation and the Kerr effect. Of particular 

importance are nonlinear processes in guided plasmonic modes, as these could ultimately pave the 

way towards realization of nanoscale integrated optical circuits. Here, we present far-field 

observations of harmonics generation by guided surface plasmon polaritons (SPPs) on single Au 

nanowires. 

We experimentally observe both second-harmonic generation (SHG) and third-harmonic generation 

(THG) in the visible, generated by a guided SPP mode at a free-space wavelength of 1550 nm. Fig. 

1.a. shows an example of SHG and THG signal scattering from a nanowire, spectrally filtered and 

collected by a CCD camera. To confirm the nature of these signals we study their power 

dependence, where we observe that the yield of the nth harmonic is indeed proportional to the nth 

power of the incident light intensity. We study the propagation length of the SHG signal for 

multiple nanowires with a varying width using far-field microscopy in conjunction with finite-

element method calculations. Our findings reveal that the decay lengths of the SHG signal from our 

measurements (red circles) follow the decay lengths for the intensity of the fundamental squared 

(black solid line) as calculated from simulations (Fig. 1.b.). The measured decay lengths are much 

longer than the theoretically predicted decay length of propagating SPPs on the SHG wavelength 

(red solid line). These two observations confirm that the second harmonics are actually generated 

from the propagating fundamental SPPs. 

 

Fig. 1:  a. Top view of the 775 nm (SH) and 517 nm (TH) signal in counts per 5 minutes on a 

nanowire (height 50 nm, width 230 nm) on the CCD camera with a red overlay showing the taper 

and wire to guide the eye. The blue rectangle shows a scanning micrograph of a typical nanowire b. 

The decay lengths of second harmonics and the fundamental from derived from CCD images 

(example shown under a.) and simulations. 

 

[1] M. Kauranen and A.V. Zayats. Nature Photonics 6, 737 (2012). 
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Hot Electron Schottky Detection Based on Internal Photoemission in Silicon Structures 
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Silicon is the material of choice in the semiconductor industry. Silicon has a bandgap of 1.1 eV and 

thus it is transparent above a wavelength of ~1micron. This is why silicon can guide and 

concentrate light at infrared wavelengths, but it is not efficient in absorbing the infra-red light and 

converting it into a measurable photocurrent. In spite of the above, there are several approaches for 

the realization of a silicon based IR detectors, e.g. by using a non-linear processes, defect mediated 

processes or by integrating silicon with an active layer of germanium or III/V. An alternative way to 

detect the infrared light in silicon is by using a plasmonic enchanted Internal Photo Emission (IPE) 

process in a Schottky barrier. Simply, when a semiconductor is attached to the metal, it creates a 

Schottky contact with a barrier height which is typically lower than the energy bandgap of silicon. 

Conduction electrons in the metal can absorb photons from the semiconductor with energy higher 

than the Schottky barrier, cross over the Schottky barrier into the semiconductor and be collected as 

photocurrent. 

 To improve the efficiency of the IPE process we have recently introduced a pyramid shaped 

structure. In this work we present a comparison between the pyramid shaped devices and flat type 

devices that were fabricated on silicon chip as shown in Figure 1. 

 

 

The fabricated devices were characterized by measuring the I-V curves in the dark and under 

illumination at visible and near IR wavelengths. A typical IV temperature dependent measurement 

results is shown in Fig.2a. In the infrared spectrum (photon energy below the bandgap of the 

silicon) there is no contribution of direct electron hole pair generation because silicon is transparent 

at this regime. 
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In the talk we will present additional simulations, fabrication and experimental measurement results 

demonstrating the comparison between different Schottky structures. 
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Surface Plasmon Propagation in Gold Nanowires Fabricated by an Improved Lithography 

Method 
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    Noble metal nanowires with subwavelength cross-sections can support propagating surface 

plasmons (SPs) with highly confined electromagnetic field, and thus are suitable for photonic 

nanodevices and nanocircuits [1]. Among the various fabrication methods, lithographic fabrication 

can produce highly controllable nanostructures, which are especially required for practical 

applications. However, SPs in the nanowaveguides fabricated by lithography method usually suffer 

serious loss, which limits the SP propagation length and their further applications [2]. 

    Here we report some improvements on the fabrication process of preparing gold nanowires. By 

removing the adhesion layer that damps the SP resonance [3], we can largely suppress the SP 

propagation loss in gold nanowires. Instead of using adhesion layer, the nanowires can be 

immobilized and protected by coating a dielectric (Al2O3) layer. This dielectric layer also changes 

the refractive index of surrounding medium and tunes the propagating SPs on the nanowires [4]. 

With these improvements, we can obtain gold nanowires with reproducible physical geometry, high 

SP propagation efficiency and tunable propagating SPs. Furthermore, a controllable router can be 

realized on a Y-shaped nanobranch fabricated by this method. These results show a promising 

application future of lithographically fabricated metal nanostructures on plasmonic nanocircuitry. 
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Nonlocal Quantum Simulation of Active Plasmonic Devices Based on Transparent 

Conducting Oxides 

 Ueli Koch,  Jens Niegemann,  Juerg Leuthold 

Department of Information Technology and Electrical Engineering, ETH Zurich, 

Zurich, Switzerland 

A nonlocal quantum approach for the simulation of active plasmonic devices based on transparent 

conducting oxides (TCOs) is presented in this work. Our computations show why current 

theoretical predictions were too optimistic and might explain why experimental findings still lag 

behind. 

In our simulations, the quasi-static electrical and the dynamic optical properties are simultaneously 

computed. We use Thomas-Fermi theory to determine the carrier accumulation in the TCO when 

applying a voltage. This carrier density profile is then coupled to the optical properties via a Drude 

model. The obtained strongly changing inhomogeneous permittivity is resolved by a high order 

finite element solver. The resulting modes show very sharp features caused by the carrier 

modulation around the epsilon-near-zero region. 

A hybrid plasmonic absorption modulator shall serve as an insightful example. We compare the two 

most commonly used models in literature with ours. Current research [1-5] assumes a constant 

carrier density over an accumulation layer inside the TCO which can be tuned to an optimal point of 

maximal extinction. But such an averaging process perverts the fact that carrier accumulation is 

exponential. In fact, the high absorption in the epsilon-near-zero region is a very sharp feature. Our 

model fully resolves this feature and predicts an extinction ratio which is an order of magnitude 

lower. The corresponding structure and mode are shown in Figure 1. 

 

 

Figure 1: Structure and mode profile of a hybrid plasmonic waveguide when a voltage of 3 V is 

applied between the TCO and gold. 

  

[1] A. Melikyan, et al., Opt. Express 19, 8855-8869 (2011). 

[2] V. E. Babicheva, et al., Opt. Express 21, 27326-27337 (2013). 

[3] C. Ye, et al., IEEE J. Sel. Top. Quant. Electron. 20, 40-49 (2014). 

[4] S. Zhu, et al., Opt. Express 22, 17930-17947 (2014). 

[5] H. W. Lee, et al., Nano Lett 14, 6463-6468 (2014). 

  

uelikoch@gmx.ch 

 

 



 

18 
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The spontaneous emission rate of a light source depends on its environment, in particular on the 

local photonic density of states. Quantum dots coupled to the optical cavities exhibit strongly 

enhanced photoluminescence opening a prospect of single photon sources [1]. Similarly, 

fluorescence of organic dyes can be enhanced by coupling to plasmonic antennas [2]. In both cases, 

the emitter can be treated as a point-like dipole source owing to its small dimensions in comparison 

with the dimensions of the optical resonator. In less frequently studied case of quantum dots 

coupled to plasmonic antennas [3], the dimensions of the emitter are comparable to the plasmon 

field decay lengths and the point-like representation of the emitter is no longer justified. 

In our numerical study we discuss the plasmon-enhanced photoluminescence of quantum dots in 

view of finite size of the emitter. We consider two combinations of the dot/barrier material: 

InAs/GaAs with a spatially direct exciton and InAs/GaAsSb with an indirect exciton [4]. Exciton 

wave functions are calculated with eight-band k.p theory with the strain and piezoelectric fields 

taken into account. The effect of spherical and crescent-shaped gold antennas is simulated with 

boundary element method. The size, shape, and position of the antennas is optimized for a large 

emission enhancement. We show that although hindered by the finite size of the emitter, the 

plasmonic enhancement of the photoluminescence is still possible. 
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Plasmonic circuitry is a good candidate as platform for next-generation information technology. Its 

realistic applications rely on the control of surface plasmon propagation. In the past, we realized the 

optical router [1, 2] and logic gates [3, 4] based on metal nanowire waveguide. We here propose 

new methods for controlling the propagation of surface plasmons. We first show that by meditating 

the conversion of plasmon modes a flexible control to the propagation can be achieved [2]. We 

experimentally prove the conversion of plasmon modes occurs widely in metallic nanowire 

waveguides, by introducing local structural symmetry breaking. In further simulations, it is shown 

that the mode conversions originate from the redistribution of electric field on the wave front. 

Utilizing this mode conversion effect, we propose an optical switch to control the signal routing in 

plasmonic nanowire networks. We then show that the plasmon propagation in plasmonic circuits 

can be controlled using the spin angular momentum of photons. We find strong spin-orbital 

interaction (SOI) occurs in the generation of plasmons using spin-polarized photons. This SOI will 

induce vortex near-field traverse power flow and make the propagation of surface plasmons spin-

dependent. Utilizing this SOI process we further experimentally realize the photonic spin Hall effect 

in plasmonic nanocircuits. 

 

Figure : (A) Illustration for mode conversion of propagating plasmons in nanowire . (B) The SEM 

image of fabricated branched nanowire network and optical scattering images for spin-control of 

plasmon propagation. 
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Surface plasmon polaritons (SPPs) have been regarded as the key to break down the fundamental 

diffraction limit in conventional photonics systems, as they offer the unique potential to guide and 

route light at the truly nometer scale [1]. In the past years, a variety of deep-subwavelength 

plasmonic structures have been proposed and investigated, including dielectric-loaded SPP 

waveguides [2], V-groove waveguides [3] and metal nanowires [4]. One of the most distinguished 

works among them is the recent demonstration of hybrid plasmonic structures that naturally 

integrate high-index semiconductor materials and metal waveguides, hence successfully 

overcoming the conventional constraints imposed by traditional guiding mechanisms in previously 

studied SPP waveguides, i.e. the fundamental trade-off between mode confinement and propagation 

loss [5]. However, for practical implementation, such waveguides must be integrated on a silicon 

chip and be fabricated using a standard CMOS fabrication process, which is not really achievable 

with ‟‟traditional‟‟ plasmonic metals (gold and silver). 

In this work, we present hybrid plasmonic waveguides based on the horizontal Cu(150 nm)-

SiO2(10nm)-Si3N4(400nm×400nm) structure fabricated with a CMOS-compatible process (Fig. 1), 

and characterize it at telecommunication wavelengths by use of the scanning near-field optical 

microscope (SNOM). Using SNOM imaging and end-fire coupling with a tapered fiber connected 

to a tunable laser at telecommunication wavelengths (1450–1580 nm), we demonstrate efficient and 

strongly-confined subwavelength SPP mode guiding at moderate propagation losses and investigate 

optical properties of the proposed waveguide structure. These results may facilitate the application 

of the present structure in high-density photonic integration. 
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Figure 1. SEM image of the fabricated plasmonic waveguide integrated with the funnel structure. 

  

[1] W. L. Barnes, A. Dereux, and T. W. Ebbesen, Nature 424, 824(2003). 

[2] T. Holmgaard and S. Bozhevolnyi, Phys. Rev. B 75(24), 245405 (2007). 

[3] V. S. Volkov et al., Nano Lett. 7(4), 880 (2007). 

[4] E. Verhagen et al., Phys. Rev. Lett. 102(20), 203904 (2009). 

[5] V. J. Sorger et al., Nat. Comm. 2, 331(2011). 

 

dmitrii-y@mail.ru 

 

 

 

 

 

 

 

 

 

 



 

22 

 

Plasmonic Nano-Antenna Design for Enhanced Second Harmonic Generation 
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Metallic Nano-antennas are known to enhance the electric field in their vicinity by orders of 

magnitude, thus enhancing light-matter interactions [1].One of the best examples for enhanced 

light-matter interactions around nano-antennas is the nonlinear process of second harmonic 

generation (SHG), which is dependent on the incident optical power in a quadratic fashion, and 

therefore serves as a direct measure for the enhancement of the electric field. While metals have 

strong natural nonlinearity, the proper nonlinear mode-matching conditions must be fulfilled, 

otherwise the nonlinear response will be diminished and will not be coupled to radiativemodes 

[2,3]. 

In this work we design and demonstrate a new type of gap nano-antenna for the purpose of 

enhancing SHG by considering phase-matching conditions and optimizing our design for generating 

a second harmonic from a principal pump wavelength of 800 nm. In order to overcome intraband 

transitions in Au, we have fabricated nano-antennas of Al, and characterized their linear and 

nonlinear response by far-field transmission spectroscopy and short pulse illumination. We report 

the results and conclusions of our research and discuss the general considerations of tailoring nano-

antennas for specific purposes. 
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The  strong  temperature  dependence  of  the  photoluminescence  spectra  from  silver 

nanoparticles  embedded  in  a  silica  host  matrix  has  been  observed.  The  photoluminescence 

from  Ag  nanoparticle  is  enhanced  by  coupling  of  exciting  and  emitted  photons  to  surface 

plasmon  resonance  excited  in  nanoparticle.  The  quantum  yield  of  the  photoluminescence 

increases when the temperature decreases. Such effect has been rationalized as the result of increase 

of the plasmonic enhancement factor with decreasing temperature occurring due to decrease of 

surface plasmon damping constant. The decrease of damping constant is due to the decrease of 

electron-phonon scattering rate with decreasing temperature. The temperature dependence  of 

quantum  yield  of  the photoluminescence  is  stronger for small nanoparticles reflecting  the  fact  

of  strengthening  of  electron-phonon  coupling  in  the  silver  nanoparticles with decrease of their 

size. 
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At the conference, we will present our recent efforts in the area of plasmons and hot electrons. 

Absorption-loss measurement in nanostructured films with hot electrons. The knowledge of the 

absorption losses (the local heat source term in the thermal diffusion equation) in devices using 

metal films is crucial for most components. The local heat generated by plasmon decays cannot be 

directly measured with classical low-temporal resolution techniques because these techniques 

provide temporally- and spatially-broadened versions of the local heat source (after heat diffusion in 

the metal). We have used the permittivity changes induced by hot electrons to measure the 

absorption losses in metal films incorporating subwavelength apertures. The measurements 

performed in a temporal scale of 500 fs, much smaller than the characteristic diffusion times of 

electrons and phonons, shows quantitative agreement with theoretical results [1]. 

Generation of hot electrons in plasmonic addiabatic tapers. Devices capable of generating hot-

electrons with good efficiencies in nanoscale spots are likely to be highly desirable [2] for future 

prospects in the emerging field of plasmon-induced hot carrier generation. At the conference, we 

will show measurements of the permittivity variations induced by the hot-electron energy relaxation 

in the electron gas of adiabatic nano-focusing plasmon tapers. The variations that are collected 

~100-fs after the plasmon absorption are expected to provide faithful images of the local heat 

source or equivalently of the density of hot-carrier generation 
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We demonstrate active photo-excitation of plasmonic loaded antennas resonating at THz 

frequencies. This is realized by the local optical excitation of free charge carriers on the surface of a 

thin GaAs film using a spatial light modulator. Our results demonstrate the existence of capacitive 

and inductive coupling of localized surface plasmon polatitons. The coupling of the loaded antenna 

is further investigated by experimentally obtaining an effective impedance of the load. The obtained 

results are linked to a LC resonance formed by a THz inductor and capacitor connected in a parallel 

configuration. Our results provide the first demonstration of a fully active and tunable component 

for future opto-electronic devices. 
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We report a novel approach for on-chip electrical detection of the radiation guided by dielectric-

loaded surface plasmon polariton waveguides (DLSPPW) and DLSPPW-based components. The 

detection is realized by fabricating DLSPPW components on the surface of a gold (Au) pad 

supported by a silicon (Si) substrate supplied with aluminum pads facilitating electrical 

connections, 

with the gold pad being perforated in a specific locations below the DLSPPWs in order to allow a 

portion of the DLSPPW-guided radiation to leak into the Si-substrate, where it is absorbed and 

electrically detected. We present two-dimensional photocurrent maps obtained when the laser beam 

is scanning across the gold pad containing the fabricated DLSPPW components that are excited via 

grating couplers located at the DLSPPW tapered terminations. By comparing photocurrent signals 

obtained when scanning over a DLSPPW straight waveguide with those related to a DLSPPW 

racetrack resonator, we first determine the background signal level and then the corrected DLSPPW 

resonator spectral response, which is found consistent with that obtained from full wave numerical 

simulations. The approach developed can be extended to other plasmonic waveguide configurations 

and advantageously used for rapid characterization of complicated plasmonic circuits. 
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We study the plasmon-phonon coupling in graphene nanoislands through a perturbative RPA 

expansion and conclude that it contributes with a few millielectronvots to the plasmon width, which 

increases with both the island size and doping. 

Graphene has arisen as a promising plasmonic material due to its potential applications to 

optoelectronics. In particular, its peculiar electric structure, with linear dispersion and vanishing of 

the density of states at the Fermi level, lead to a high electrostatic tunability, as well as large 

confinement of its plasmons. 

Inelastic plasmon losses in graphene are still not well understood. Scattering by impurities [1] are 

known to dominate in typical plasmonic samples with mobilities 10,000 cm
2
/(V s), although 

scattering by zigzag edges in small structures can also produce large plasmon damping, while 

coupling to phonons have also predicted to be significant in extended graphene [2, 3]. 

Here, we concentrate on the coupling between plasmons and phonons in graphene nanoislands, and 

study the contribution of this channel to plasmon decay as a function of the size of the island. We 

describe the graphene using a tight-binding model for the electronic structure [4], combined with a 

mean-field approach for the response, which we calculate in perturbation theory to the lowest order 

needed to sustain the plasmon and its losses to phonons. The latter are described by only including 

the stretching C-C mode, which accounts for the main characteristics of the optical-phonon 

branches [5]. We find the phonon-loss mechanism to increase with the size of the island as well as 

with the number of doping charge carriers. Interestingly, the spatial distribution of the dominant 

phonon modes shows strong deviations with respect to the regions of maximum plasmon charge 

density. 
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For increasing the light extraction efficiency of light-emitting diodes, it is important to understand 

the mechanism of surface plasmon (SP) absorption and its scattering by nanometer-scale 

irregularities which are naturally formed on the surface of cathode metals [1]. It may have once 

been believed that the enhancement caused by the SP scattering grows with angular frequency, ω, 

as it approaches the plasma wavelength, λp, of a metal. Such a belief, however, isn‟t the case [2], 

and the reason is not fully understood. To this end, we have investigated the enhancement spectra of 

MEH-PPV on Ag. The peak emission wavelength of MEH-PPV is considerably distant from the λp 

of Ag. To make a thin film, we precisely applied specific amounts of dilute p-xylene solutions of 

MEH-PPV (0.5 wt. %) using a pipette on circular apertures formed on an Ag/glass (λ/20) and glass 

substrate. After evaporating the solvent, we were able to prepare 20~80 nm MEH-PPV films. Peak 

enhancement wavelengths obtained from the PL spectra were around 500 nm, situated between the 

λp (375 nm) and original PL peak (590 nm), and the enhancement properties were never expressed 

by curves monotonously increasing towards the λp. The maximum enhancement was observed with 

a 60-nm film. The enhancement diminished after reaching 500 nm, yet lasted far beyond 700 nm. 

The observed results could be interpreted by the wavelength dependence of the density of state 

(DOS), trap states presumably created inside a part of MEH-PPV material adjacent to Ag, and the 

penetration depth of SPs. DOS is proportional to dkSP/dω (kSP: wavenumber of SP). However, trap 

states, when they exist near a metal, partly capture excitions generated in the organic layer, and 

block SP creation. In particular, when the original emission peak is far from the λp, an enhancement 

property deviating from a prediction based solely on DOS should be expected. Furthermore, one 

must also take the dependence of the penetration depth on wavelength into consideration; more SPs 

are created with increased wavelength.   
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In previous work we have demonstrated non-resonant enhancement of photoluminescence in 

InGaN/GaN multiple quantum wells (QWs) with metal nanoparticles embedded into naturally 

occurring inverted hexagonal pits (IHPs). [1] This enhancement is associated with a relatively 

longer effective photoluminescence lifetime. It arises due to electrostatic interaction between 

carriers within the QWs and image charges induced in the neutral metallic NPs within the QW. 

In order to better understand the carrier dynamics of this effect and how it differs from resonant 

plasmonic interactions, we have performed ultrafast differential absorption measurements on 

samples infiltrated with both non-resonant Au NPs as well as Ag NPs whose plasmon resonance 

overlaps with the QWs. Using a pump-probe setup with significant path folding, we are able to 

observe the carrier dynamics due to intraband carrier scattering process in the ps range as well as 

the interband carrier relaxation process in the ns range. 

The results we present here demonstrate that both resonant and non-resonant interaction with 

nanoparticles have significant effects on the behavior of carriers within the QWs. 
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We report on numerical study of resonant nanoparticle chains with positional disorder (see fig. 1 (a) 

inset). We have shown that the density of resonant states (DOS) demonstrates a peak near the 

frequency of individual nanoparticle resonance. This peak is referred to Dyson singularity in one-

dimensional disordered structures [F. Dyson, Phys. Rev. 6, 1331, 1953] known in some solid-state 

systems. Our calculation show that this peak survives (see fig.1 (a)) in the case of long-range 

retarded dipole-dipole interaction that is important for plasmonics and photonics. The predicted 

Dyson peak in the local DOS allows obtaining disorder-induced Purcell enhancement in disordered 

chains (see fig.1 (b)). We stress that this implies not only to plasmonic nanoparticles but also to an 

arbitrary dipole resonant chains. The enhancement intensity is stronger for stronger positional 

disorder. The predicted Purcell enhancement can be found its applications in random lasers and for 

SERS spectroscopy in one-dimensional structure. In the view of fundamental physics the obtained 

results open a way for direct observation of Dyson peak that has not been done before. 

 

 

 

Fig. 1. (a) DOS of periodic nanoparticle chain with positional disorder (shown in the inset). 

Maximal amplitude of the positional shift equals to 15% of inter particle distance. (b) Purcell 

enhancement calculated for a dipole source placed above the chain as shown in the Fig. 1. (a) inset 

for different values of losses in nanoparticles. 
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The ability to control the directivity of light emission from single nanoscale emitters such as 

quantum dots or fluorescent molecules has made plasmonic nanoantennas one of the key elements 

in nanophotonics. Here we demonstrate that the wavefront of light emanating from such „point 

sources‟ can be manipulated by locating them in a holographically designed nanostructured 

environment enabling the conversion of basic dipole radiation patterns into virtually any desired 

wavefront (e.g. a directional plane wave or an optical vortex beam). 

In the present study we utilize the impact point of a free electron beam on a plasmonic metal surface 

as the singular, highly localized source. Such impacts generate transition radiation with a dipolar 

emission distribution and surface plasmons propagating with cylindrical symmetry away from the 

excitation point. For a given desired far-field output wavefront, the requisite holographic pattern is 

obtained computationally using the near-field distribution of an electric dipole above a metal 

surface as a reference beam. Figure 1a shows a model nanostructure designed to produce a plane 

wave with an output polar angle of 30º at a wavelength of 800 nm. 

 

 

 

 

 

Figure 1: (a) Far-field radiation pattern from electron impact on a holographic mask designed to 

generate a plane wave at 30º to the surface normal. (b) Scanning electron microscope image of the 

above mask on a gold substrate. (c) Polar plot of 800 nm light emission from the above hologram 

mask. 
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Figure 1b shows the realization of this computer-generated holographic nanostructure, by focused 

ion beam milling, on an optically thick gold substrate. The spectral and spatial distribution of 

electron-induced light emission from the structure is analysed in a scanning electron microscope 

equipped with angle-resolved cathodoluminescence imaging capability. Figure 1c present the 800 

nm light emission distribution for electron injection on at the centre of the holographic 

nanostructure, showing strongly directional emission at θ~30° as per the design of Fig. 1a. 

This demonstration uses a plasmonic metal substrate but the approach can be adapted at the 

holographic design stage to a variety of nanostructured metal, semiconductor and dielectric 

environments for highly localized emitters. Further results on generating more complicated 

wavefronts, e.g. optical vortex beam, will also be discussed. 
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Long Range Enegry Transfer via Hybrid Plasmonic-Photonic Structures 

 Katherine Akulov,  Tal Schwartz 

Chemical Physics, School of Chemistry, Tel Aviv University, Tel Aviv, Israel 

Dipole-Dipole resonant coupling is a common mechanism for short-range (typically 1-10nm) 

energy transfer (ET). Surface plasmons (SP) may enhance ET and indeed, it was demonstrated that 

SP on opposite sides of a thin metallic film may extend the ET range by carrying the donor 

emission to the acceptor [1,2], when both are located close to the metal. We demonstrate that a 

metallic microcavity which couples plasmonic and photonic modes [3] can further extend the ET 

range, exceeding 100nm. Our structure, (shown schematically in Fig. 1a) supports cavity-confined 

photons as well as surface plasmons on the top metal-air interface. When the dispersion curves of 

the SP and cavity-photon cross, normal-mode splitting is observed (Fig. 1b) and around this point 

hybrid photonic-plasmonic modes form. These modes reside both outside and inside the cavity (as 

shown in Fig. 1a) and here their unique field distribution for mediating ET between a donor overlay 

(Fluorescein) to intra-cavity acceptor molecules (Rhodamine-B), weakly-coupled to the hybrid 

modes which are tuned to the donor emission (Fig. 1b, solid line) and the acceptor absorption 

(dashed line) by adjusting the cavity dimensions. Photoluminescence measurements (Fig. 1c), show 

an emission peak around 570nm for a cavity containing the acceptor alone (black curve) and at 

523nm for the donor alone (blue). When both are present (red) we find a 3-4 fold emission 

enhancement. Measuring the excitation spectrum at the acceptor emission wavelength for the mixed 

sample, we find a clear peak at the donor absorption maximum. Without the donor this signal 

disappears, proving that ET indeed occurs. This innovative and flexible ET mechanism allows 

selecting any desired pair of molecules, even if the spectral overlap is small, and may find potential 

applications in photovoltaic devices, where energy should be collected and efficiently conveyed 

into the photovoltaic cell. 

 

 

[1] P. Andrew et al., Science 290, 785 (2000). 

[2] E. Collini et al., J. Am. Chem. Soc. 134, 10061 (2012). 

[3] S. Chen et al., Nanoscale 5, 9129 (2013). 
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Probing Broadband Light Absorbing Metallic Nanogrooves with Electron Energy-Loss 

Spectroscopy (EELS) 

 Nicolas Stenger
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Kongens Lyngby, Denmark 
2
Center for Nanostructured Graphene (CNG), Technical University of Denmark, 

Kongens Lyngby, Denmark 

We report an experimental study of GSPs in ultra-sharp gold convex nanogrooves using EELS [1]. 

The geometry of these nanogrooves is characterized by gradual and relatively slow variations in the 

gap width when moving deeper inside a groove. This means that the groove GSP modes can be 

considered as being formed by local metal-insulator-metal (MIM) GSP modes (that is, by GSP 

modes supported by constant-gap MIM configurations) that are weighted accordingly, a 

representation which is widely used in integrated optics and plasmonics for effective-index 

approximation. In EELS experiments, the strongly confined electrical fields of moving electrons 

excite thereby local MIM GSP modes, corresponding to the position of the electron beam inside the 

groove. Overall, the considered groove geometry is ideal for studying MIM GSP modes, as the 

width of the insulating layer (gap size) decreases as the position of the electron probe is moved 

down the nanogroove, thus allowing us to map the evolution of MIM GSP modes for varying gap 

size in a single groove. We intentionally propagate the electron beam along the axis of the groove 

within the mirror-symmetry plane in order to allow for probing of modes near the groove bottom 

and to study the optically dark modes. We verify experimentally the existence of the MIM 

asymmetric GSP mode in the crevice of the groove, i.e., at extremely narrow gaps of only 5 nm. 

Finally, we discuss the implication of these lossy asymmetric GSP modes on the broadband light 

absorption properties of metallic nanogrooves in general [2]. 

 

References: 
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Extreme Field Localization and Enhancement in Multi-Scale Plasmonic Nanostructures and 

their SERS Application 

 Zhendong Zhu,  Benfeng Bai,  Oubo You,  Qunqing Li,  Shoushan Fan 

Department of Precision Instrument, Tsinghua University, Beijing, China 

The importance of photon-electron interactions lies in its ability to concentrate the light energy in 

nanoscale volumes in the metallic nanostructures and thereafter boost the intensity of the optical 

near field by several orders of magnitude. Owing to these properties, the localized SPs can facilitate 

many applications based on the enhanced light-matter interaction, such as the detection of trace 

element chemical varieties in the vicinity of metallic nanostructures by surface-enhanced Raman 

spectroscopy (SERS). The surface plasmon enhanced optical near field is typically and 

predominantly localized in some very small geometric features of metallic nanostructures. 

Alternatively, one may realize the extreme field localization and enhancement via a so-called 

cascaded field enhancement (CFE) mechanism [1], which firstly proposed by Stockman and co-

authors with a self-similar chain of gold nanoparticles. Here, we propose and demonstrate a 

multiscale M-shaped nanograting, in which strong CFE can be achieved by the intercoupling 

between the localized SPs in two adjacent V-grooves, leading to pronounced enhancement of the 

SERS sensitivity. [2] Another effective way of tuning Fano resonance in a multiscale plasmonic 

system is through mode hybridization, which results from the interference between two or more 

plasmonic modes. We also demonstrate the nanoparticle-in-cavity (PIC) nanoantenna array, a 

multiscale plasmonic nanostructures where individual tiny metal NPs are coupled to some extended 

metallic structures are ideal systems for generating both the CFE and mode hybridization. A reliable 

nanofabrication technique based on room-temperature nanoimprinting lithography guarantees the 

generation of only one gold NP at the bottom of each nanocavity, which is crucial for the generation 

of the expected CFE. [3] 
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Transition to Lasing Induced by Resonant Absorption 
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It is generally assumed that an increase of loss in a laser system leads to decrease of lasing intensity 

and, eventually, makes laser turn off. On the other hand, it is also widely accepted that increase of 

gain correspondingly increases laser radiation intensity. This naive picture stems from the primitive 

single-mode rate equations, which are often employed for description of laser operation. 

Nevertheless, behavior of lasing modes can be much more complicated. Particularly, it has been 

reported recently that increase of pump intensity in a laser system with non-uniform gain 

distribution makes the laser turn off [1]. Importantly, such unusual behavior relies on spatial 

variation of the gain profile. Finally, in a recent experimental work the counterpart of lasing 

shutdown was observed: authors reported that adding spatially distributed loss in a pair of coupled 

whispering gallery mode resonators may increase lasing intensity [2]. 

In this paper, we show theoretically that increase of loss in a laser system brought by a dispersive 

absorbing medium can lead to emergence of lasing. In contrast to experiment by Peng et al. [2], 

spatial inhomogeneity of loss or gain distribution is not required in our configuration. Instead, the 

predicted phenomenon of absorption induced lasing (AIL) is related not to geometry of the system, 

but to frequency dispersion of the resonator medium. Within the framework of scattering matrix 

formalism, we encounter this effect in a simple toy system, consisting of a planar slab made of a 

uniform mixed loss-gain medium. Absorbing medium induces new system of S-matrix poles 

corresponding to quasistationary modes. With increase of loss, these additional modes evolve and 

begin to lase. We also predict AIL in an alternative spherical nanoresonator which is free of certain 

unwanted effects that may occur in planar laser cavities. 

[1] M. Liertzer et al, Physical Review Letters 108, 173901 (2012). 

[2] B. Peng et al, Science 346, 328 (2014). 
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Spatio-Temporal Dynamics of Lasing Action in Plasmonic Crystals 

 Javier Cuerda,  Felix Rüting,  Francisco García-Vidal,  Jorge Bravo-Abad 

Departamento de Física Teórica de la Materia Condensada and Condensed Matter 

Physics Center (IFIMAC), Universidad Autónoma de Madrid, Madrid, Spain 

Plasmonic nanostructures offer great potential for achieving lasing action at the subwavelength 

scale [1]. Very recently, periodic metallic nanostructures (plasmonic crystals) have demonstrated 

that plasmon-assisted lasing action is not restricted to single nano-cavity systems, but can also be 

observed in structures supporting extended plasmonic resonances [2],[3]. 

In this contribution, we present a theoretical study of the dynamics and steady-state characteristics 

of lasing action in plasmonic crystals consisting of periodic arrays of metallic nanowires and 

subwavelength apertures embedded in an optically-pumped four-level gain medium. We present a 

novel computational formalism based on a time-domain generalization of the finite-element 

method, which can account for the full spatio-temporal dynamics of the non-linear interaction of the 

gain medium and the highly-nonuniform electric field of plasmonic resonances [4]. 

This new theoretical framework allows us to optimize the lasing characteristics of the considered 

structures, with respect to both the geometrical parameters and the emission properties of the 

molecules forming the gain medium. We find that dark modes supported by these plasmonic 

crystals enable accessing the optimal lasing characteristics of this class of systems. Moreover, our 

study reveals that, in general, arrays of nanowires feature lower lasing thresholds and larger slope 

efficiencies that those corresponding to periodic arrays of subwavelength apertures [5]. 

 

[1] J. Bravo-Abad and F. J. García-Vidal, Nature Nanotechnology (News and views) 8, 479 (2013). 

[2] W. Zhou, M. Dridi, J. Y. Suh., C. H. Kim, D. T. Co, M. R. Wasielewski, G. C. Schatz, and T. 

W. Odom, Nature Nanotechnology 8, 506–511 (2013). 

[3] F. van Beijnum, P. J. van Veldhoven, E. J. Geluk, M. J. A. de Dood, G. W. ‟t Hooft, and M. P. 

van Exter, Physical Review Letters 110, 206802 (2013). 

[4] F. Rüting, J. Cuerda, J. Bravo-Abad, and F. J. García-Vidal, Laser Photonics Rev. 8, 5 (2014). 
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Implementation of optical components in microprocessors can boost their performance by many 

orders of magnitude. At the same time, the size of optical elements is fundamentally limited by 

diffraction, which creates a large mismatch between the scales of photonic and electronic 

components, and it is a significant challenge to merge these two technologies on a single chip. 

Metals exhibit negative permittivity at optical frequencies, which gives a possibility to encode 

optical signals in the form of surface plasmon polaritons (SPPs). Thanks to the high confinement of 

the SPP field near the metal surface, dimensions of optical components can be reduced down to that 

of electronic ones. However, in this case, a considerable amount of the SPP field is concentrated in 

the metal that results in high ohmic losses typically exceeding 1000 cm-1 at telecommunication 

wavelengths. This presents a serious barrier for realization of on-chip plasmonic guides and SPP 

sources operating at room temperature and practically acceptable energy efficiency. 

Here, we propose a novel SPP amplification scheme featuring electrical pumping and based on a 

double-heterostructure tunneling Schottky-barrier Au/InAsP/InGaAs/AlInAs structure for the first 

time presenting an on-chip subwavelength coherent SPP source based on this approach (Fig. 1). In 

contrast to most of the nanolasers, our device does not merely emit light into the free-space in a 

dipole-like fashion, but efficiently couple radiation into in-plane plasmonic (or photonic) 

waveguides. At room temperature, the threshold current density is only 30 kA/cm
2
 and is reduced 

below 0.3 kA/cm
2
 at cryogenic temperatures. At the same time, the electro-optical conversion 

efficiency can exceed 30%, which creates the backbone for the next generation of nanophotonic and 

optoelectronic circuits. 

 

 

Figure 1. Coherent SPP source coupled to the straight nanoplasmonic waveguide. (b) Input-output 

characteristic of the SPP source. 
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Eigen Oscillations in Clusters Made of Active and Passive Nanoparticles and Their Influence 

on Radiation of Quantum Emitters 

 Vasily Klimov 
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Russia 

By example of dimer made of active and passive nanoparticles we have found all types of eigen 

oscillations in such a system. These modes includes both modes analogous to Parity- Time (PT) 

symmetric ones   and new type of modes. New modes are related with new type of symmetry which 

we refer to as Loss Compensation Symmetry (LCS). The field distributions in new modes are  

highly nonsymmetric in space but nevertheless they provide full loss compensation as in PT 

symmetric modes (see Fig.1). 

 

 

Fig.1. Example of spatial distributions for LCS modes. Left panel-highly asymmetric field 

distribution. Right panel- power dissipated (left particle) and generated (right particle). 

Moreover, in contrast to PT symmetric modes, LCS modes can provide full loss compensation in 

passive component of dimer even for infinitely small pumping of active component of dimer! This 

property of LCS modes paves the way for developing new types of spasers and nanolasers. 

Influence of eigen oscillations in clusters made of active and passive nanoparticles on radiation of 

quantum emitters (dye molecules, quantum dots etc.) will be also discussed. 

The research was supported by Advanced Research Foundation (contract number 7/004/2013-2018 

on 23.12.2013). The author is also grateful to the Russian Foundation for Basic Research (grants 

14-02-00290 and 15-52-52006), Skolkovo Foundation, and Russian Quantum Center for financial 

support of this work. 
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Dielectric-Metal Structures for Terahertz Plasmon Waveguiding 

 Maksim Nazarov,  Alexander Savelev 
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Sciences, Shatura, Russia 

Terahertz frequency range is highly demanded nowadays for applications in sensing, security and 

communications. The lack of transparent enough materials for THz waves delivery is a big and 

unsolved problem. Only dry air and metal surface are good candidates. But plasmons exhibit very 

low coupling to any metal in THz because metals are almost ideal conductors here[1,2]. We suggest 

to combine thin dielectric wires and metal surface for low loss THz radiation propagation. In 

appropriate configuration most of the propagating mode will be in the air gaps between dialectic 

and metal, thus we avoid high material losses in dielectric and radiation losses for bare metal. 

First we simulate THz plasmons propagation on metal with small dielectric cylinders on it in 

COMSOL software, then made experiment with self made polymer fibers on Al surface. 

The most transparent polymers known at present allow only tens of cm of THz propagation we 

chose polypropylene and Topas as the best materials for the fibers [3]. 

Our typical THz time-domain apparatus [2], it is based on femtosecond laser pulses conversion into 

THz frequency. We demonstrated that undistorted short THz pulse can be delivered on tens of cm 

distance without much attenuation and in the broad (0.1-2.5 THz) frequency range. Since the 

wavelength changes an order of magnitude (roughly form 3 mm to 100 microns), only central part 

of the spectra can fit to optimal waveguide dimensions. For optimal frequency, effective absorption 

coefficient can be reduced twice in comparison with both bare metal [4] or bulk dielectric[3]. 

 

Acknowledgment: The work is partly supported by RFBR grants: 14-02-00846. 
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Relation of Fields at the Tip and Contacted Surface in TERS 

 Eugene Bortchagovsky 
Institute of Semiconductor Physics of NAS of Ukraine, Kiev, Ukraine 

Proposed concept of Raman probe for scanning probe microscopy [1] and realization of the internal 

standard for TERS [2] are based on functionalized tips covered by a Raman active material. Such a 

structure raises the question about the relation of fields at the tip apex and contacted surface to 

compare signals we should expect from materials at those two points. In spite of very close 

proximity of those two points asymmetry of the structure due to very different shape of interacting 

parts results in different conditions of the field distribution and nonequivalent positions for 

coverage. 

Simple dipole model was used for the analysis of the ratio of fields at the tip apex and contacted 

surface. Interaction of two parts was accounted by the interaction of the dipole generated at the tip 

with its image in the surface. Interesting feature of metallic surfaces created by plasmonic effect 

was found. This effect decreases the dependence of the fields ratio on the tip-surface separation and 

allows to manage this dependence by the used wavelength. The influence of the finite size of the tip 

was accounted in the frame of this dipole model. 

The same model was used for the case of a rough surface with a protrusion. This situation differs 

from the case of a flat surface due to lighting-rod effect at curved shapes. 
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Hybrid Superlens for Superfocusing 
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Superlens can achieve imaging with subwavelength resolution via negative refraction. Recently, 

plasmonic superlens has been investigated for nanolithography. However, the relationship between 

focal length and resolution is seldom discussed but has been studied in left-handed media based 

superlens [1]. In this study, we propose a hybrid superlens structure to break the symmetric ray 

trajectory. Unusual focusing properties are revealed and discussed. 

The hybrid superlens is composed of two stacks of metal-dielectric multilayers with different 

metals, shown in Fig. 1(a). Fig. 1(b) shows focusing characteristics of two waveguide modes. Each 

point represents a specific wavelength. An unusual behavior between focal length and resolution 

(full width at half maximum, FWHM) is found for second waveguide mode. The opposite trends of 

these two modes can be explained by different behaviors of transmittance when varying 

wavelength, shown in Fig. 2. 

 

Fig. 1: (a) Illustration of hybrid superlens with ray trajectories of different incident angles. (b) 

Focusing characteristics for 1st and 2nd waveguide modes at different wavelengths. 

The focal point moves further away from the lens as the x-component of wave vector increases, 

which can be understood by the ray trajectories indicated in Fig. 1(a). The transmittance varies with 

incident angle and focal length can be determined by the kx components with higher transmittance. 

The unique property, longer focal length with better resolution, found for second waveguide mode 

has not been observed for general superlens. Therefore, our proposed hybrid superlens possesses the 

potential of achieving long focal length with small resolution. 

 

Fig. 2: Transmittance v.s. kx for (a) 1st and (b) 2nd waveguide modes at different wavelengths. 
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Sub-100 nm Focusing of Short Wavelength Plasmons in Homogeneous 2D Space 
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We present a direct high resolution measurement of subwavelength focusing with a focal spot of 60 

nm, using short wavelength SPPs from a 532 nm laser and propagating in a 50nm Si3N4 layer 

between silver and air [1]. The supported SPP mode contains strong enough electric field in the 

dielectric-air interface to sufficiently interact with a metallic tip to allow direct sub-wavelength 

measurement, i.e. using a scattering near-field scanning optical microscope (s-SNOM). 

 

 

 

Fig. 1 a) Short wavelength plasmons are excited and focused using curved slits. The mode profile 

(in yellow) can be detected with a near-field tip. b) measured near-field map showing sub 100 nm 

focusing. 

Our sample consists of a silver layer on a 50 nm thick Si3N4 membrane supporting a propagating 

TM SPP mode (Fig. 1a). We use curved subwavelength slits to couple the laser to the mode and to 

focus the SPPs. For a laser wavelength of λ0=532 nm, a SPP wavelength of λsp=241 nm and 

propagation length Lsp=888 nm are expected. The calculated field distribution of this mode 

(depicted in yellow in the Fig.1a), shows a strong evanescent tail in the air above the membrane 

layer that can be used to interact with a scattering tip. To map the near-field of the plasmonic mode 

we use a transmission mode s-SNOM (apertureless). A metallic tip scatters the electric field into a 

pseudo heterodyne detection unit to provide amplitude and phase information with a resolution of 

10-20 nm [2]. 

Near-field phase measurements determine the the plasmon wavelength at λsp = 240±20 nm, in 

excellent agreement with our calculations. To improve the focal spot, we use two concentric arcs of 

circles with a radius mismatch of λsp /2 [3]. The measured near-field amplitude is shown in Fig. 

1(b). Line cuts of the plasmonic focus and their relative Gaussian fits determin the focus size to be 

104±20 nm and 66±20 nm FWHM. This constitutes the first direct measurement of such sub-

wavelength focusing of polaritons, i.e., 2D surface waves propagating in homogeneous plane and 

not assisted by structural elements, e.g., nanofocusing or nanoantennas. 
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Direct Measurement of the Interference between Surface Plasmons and an Exciting Laser 
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We have prepared gold films with defects in the nanometer range (grooves, slits, gratings etc). 

When illuminated with a laser beam (spot diameter several microns), the near field shows fringes 

whose period is consistent with the interference between a surface plasmon and the laser field. This 

allows for the holographic analysis of the plasmon field. We have detected Moire and checkerboard 

patterns from two plasmons scattered by grooves forming an angle. 

The detection is done in two ways: in one setup, we enter into the near field with a sharp tip 

operated in the tapping mode. To the tip an optical fibre is attached that guides the light picked up 

from the near field to the detector. The second setup is based on a photo-sensitive organic film 

coated on top of the metallic layer. The film contains ado-benzene groups that isomerize in the near 

field. As a consequence, the film deforms in a permanent way. The corresponding change in 

topography is linked to the spatially modulated intensity and polarization and is read out with an 

atomic force microscope [1]. 

The experimental data compare well with a theoretical model based on the actual plasmonic modes 

in the metal film including the substrate and an eventual dielectric coating. This shows that the 

wavelength of the plasmonic hologram can be used as a sensitive probe of the dielectric 

environment of the metallic structure. 

[1] T. Papke, N. Sekhar Yadavalli, C. Henkel, and S. Santer, "Mapping a plasmonic hologram with 

photosensitive polymer films: standing versus propagating waves", ACS Appl. Mater. Interfaces 6 

(2014) 14 174. 
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The Scanning Near-Field Optical Mircroscopy (SNOM) is a vital tool to study nanoparticles and 

plasmonic structures. Though many studies get published continuously on the field, the SNOM tip 

behavior in liquids is the least studied despite its great potential in applications such as nanoscopic 

optical tweezing and chemical, seismic, and environmental sensing. With the resonantly excited and 

localized SPP (Surface Plasmon Polariton) at the apex of the tip, a plasmonic tip or a fully-coated 

and tapered M-profile fiber can perform superiorly over other types of SNOM tips. Owing to the 

SPP characteristic, especially its high sensitivity to the surrounding media, the plasmonic tip 

promises to be a great tool in both surrounding media sensing and optical trapping applications. 

As a first step towards the multifunctional plasmonic tip, we explored the behavior of the plasmonic 

tip emission in a liquid environment where different processes happen due to liquid wetting effect 

(Fig. 1). To detect or excite a local sample, the plasmonic tip, as the name stated, exploits the 

localized SPP at the apex which originates from a radially polarized waveguide mode within the M-

profile fiber. The resonant excitation of the SPP from the waveguide mode reacts sensitively to the 

change of the environment so that with the increase of surrounding media refractive index, the 

resonant excitation amplitude grows so does the localized field amplitude at the tip apex as long as 

the phase matching holds (Fig. 2). However, the emission of the tip damps as soon as the tip inters a 

liquid with higher refractive index where the phase matching condition is no longer fulfilled. 

 

 
 

 

norik.janunts@uni-jena.de 

 

 

 

 



 

46 

 

Amplitude and Phase of Surface Plasmon Polaritons Excited at Step Edges 
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We present a combined theoretical and experimental study on the laser-induced excitation of 

surface plasmon polaritons (SPPs) at defined step edges representing one of the most basic light-

SPP coupling geometries. The calculations are performed within an integral equation approach for 

the solution of two-dimensional scattering problems [1], whereas in the experimental part we 

utilized two-photon photoemission electron microscopy (2P-PEEM) [2]. Analysis of the data 

provides information on the laser-SPP coupling efficiency of the step edges and the phase of the 

excited SPP. 

 

Fig. 1 a) 2P-PEEM images taken at a step height of 950 nm at illumination with laser pulses of 

different central wavelengths; the periodic intensity pattern is the experimental signature for SPP 

excitation; b) 2P-PEEM intensity profiles (red lines) of Fig. 1 a). 

As an important parameter determining the coupling efficiency we identify the ratio between step 

height H and excitation wavelength λ. For specific values of H/λ a substantial suppression of light-

SPP coupling is observed (see Fig. 1). At the same time the phase of the SPP undergoes an overall 

shift by π (see experimental and theoretical data in Fig. 2). Based on the calculations it is possible to 

assign the changes in coupling efficiency and phase to the interference of incident and reflected 

laser field in the presence of the step edge. 

 

Fig. 2 Coupling efficiency (red) and SPP phase (green) at the step edge as derived from the analysis 

of the experimental data (open symbols) and the calculations (solid lines). 
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New apertured and apertureless methods will be described with relationship to the excitation and 

detection of dark and bright surface plasmon polaritons. The methods are based on interrogating 

appropriate samples with multiple probes. As has been very elegantly demonstrated by Xifeng Ren 

et al, [Applied Physics Letters 98, 201113 (2011)] an apertured NSOM probe acts as a point surface 

plasmon polariton source with a deterministic position and minimum requirement for the light 

source. On the other hand Dobman et al, [Adv. Optical Mater. 2014, DOI: 

10.1002/adom.201400237 ] have shown that a second type of bound surface plasmon polariton, that 

cannot be excited from the far-field, propagates well across a metasurface. Such a bound plasmon 

polariton can be excited by similar apertured probes. All of these probes are constructed to allow for 

contact of one probe with another which is readily accomplished. Furthermore, as will be 

demonstrated in this paper such multiprobe techniques can be used to excite surface plasmon 

propagation with all k vectors and all energies with electron tunneling rather than the use of any 

light. The resulting plasmon propagation can be detected by both apertured and apertureless 

methods. 
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Upon resonant excitation, gold plasmonic nanoantennas can generate strongly depolarized two-

photon photoluminescence (TPPL), which serves as ideal local broadband visible source for the 

spectroscopic investigation of nanoantenna eigenmodes [1, 2]. In this work, TPPL emission spectra 

of three arrays of single-crystalline gold nanoantennas are comprehensively investigated with 

careful comparison with dark-field scattering spectra and numerically simulated spectra. We 

demonstrate the modulation of the TPPL spectrum due to the transverse bonding mode, the higher-

order bonding modes and the dark anti-bonding modes [2]. Numerical simulations are performed in 

order to confirm the resonance phenomenon. Our work provides direct experimental evidence on 

the nanoantenna-mediated near-to-far-field energy coupling and gains insight into the emission 

spectrum of the TPPL from gold nanoantennas. 

 

Fig. 1: SEM images of the single-crystalline gold nanoantennas (left) and the TPPL spectra 

showing the modulation effects of the non-fundamental longitudinal modes (middle) and the 

fundamental transverse mode (right). 
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Tapered structures have long been used in near-field optical microscopy and allow for concentration 

of the incident radiation. Among the various embodiments of the tapered structures, tapered 

apertures (TAs) can, in principle, more tightly confine radiation based on the geometry of the output 

surface. However, a simple TA suffers from a cutoff frequency associated with the aperture 

diameter. 

In the first step, we inserted a gap in a TA that was fabricated in a large metal block, which was 

equivalent to the superposition of a TA and a parallel plate waveguide. Although the TA allowed 

for transmission below the cutoff frequency, radiation leaked from the TA into the gap. As a result, 

the concentration and confinement capabilities of the structure were limited. 

In order to improve the properties of the structure, we describe the fabrication and characterization 

of a metallic conically TA with a gap, in which the wall thickness is small. Such a structure should 

allow for high field concentration without an apparent cutoff frequency and, correspondingly, tight 

confinement of the transmitted terahertz (THz) radiation, making it well-suited for THz near-field 

imaging. The final device [Figs. 1(a) and 1(b)] consisted of a conically TA with a circular output 

aperture of a diameter D2 = 200 μm, an aperture length of d = 3.0 mm and a taper full angle α = 30°, 

which we have previously found to be the optimal taper angle [1]. Here, the thickness of the side 

walls is ~ 60 um. Using a THz time-domain spectroscopy system [Fig. 1(c)], we characterized the 

spectral and spatial properties and field mapping of the structure, shown in Figs. 1(d) and 1(e) 

respectively, and clearly demonstrate high field concentration (~7 times in amplitude), tight 

radiation confinement (within the aperture area) and broadband operation (beyond the cutoff 

frequency) as a near-field probe. We describe the near-field imaging capabilities using such 

structures. 

 

 

Fig. 1 (a) Schematic diagram of the thin-wall split tapered aperture. (b) Microscope photo of the 

structure. (c) The near-field setup. (d) Transmission spectrum of the structure compared with input 

and transmission without the structure. (e) Field mapping at the output surface of the structure with 

a gap g = ~10 um. 
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Hyperbolic metamaterials (HMMs) can support electromagnetic waves with extremely large 

wavevectors. Such waves can be excited by an incident plane wave via scattering at surface 

inhomogeneities [Fig. 1(a)]. Various applications of hyperbolic metamaterials have been suggested 

[1], including imaging, sensing, thermal radiation engineering and absorbers. Specifically, it was 

shown earlier [2] that HMMs with roughened outer surface have improved light absorption 

compared to smooth-surface HMMs. In this work we further investigate the influence of internal 

roughness, naturally occurring during material deposition, on the performance of an HMM-based 

absorber. We use numerical FDTD simulations for analysis of metal-dielectric multilayers with 

spatially varying layer thickness T=T0(1+Δ), where T0 is the mean thickness and Δ∈[-δ,δ] is a 

random number, with thickness variation accumulating from layer to layer [3]. We demonstrate that 

increasing roughness  leads to absorbance increase. We also identify the role of internal roughness 

as distinct from the outer surface roughness only [Fig. 1(b) and (c)], and discuss physical 

mechanisms contributing to increased losses. Our analysis leads to the conclusion that HMM based 

absorbers can benefit rather than suffer from internal roughness that naturally appears in fabrication. 

 

 

Figure 1. (a) Normally incident plane wave can excite large wavevectors bulk plasmons in HMM 

via scattering at surface inhomogeneity. (b-c) Absorbance for 5 rough layers (R5) is larger than for 

1 rough surface (R1) and 4 ordinary internal (O4) layers for δ=0.05 (b) and δ=0.25 (c). 
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