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Abstract



 
 

The dynamic and deterministic control of light over space and time on the 

subwavelength scale is a key requirement in order to extend concepts and functionalities 

of macro-optics down to the nanometer scale. An increased level of control will also 

have fundamental implications in our understanding of nanoscale phenomena. One of 

the main problems nano-optics is aiming to tackle, therefore, is how and how well we 

can dynamically control the spatial distribution of light on such a length scale. 

Unfortunately, a fundamental limit of physics – the limit of diffraction of light – 

hampers our ability to selectively optically address nanoscale features separated by less 

than half the wavelength of light. 

The field of plasmonics offers a unique opportunity for bridging the gap between the 

limit of diffraction and the nanometer scale. Plasmonic metallic nanoantennas can 

efficiently couple to propagating light and concentrate it into nanometer volumes, and 

vice versa. Additionally, these nanoantennas hold promise for enhancing the efficiency, 

to name but a few, of photodetection, light emission, sensing, heat transfer, and 

spectroscopy on the nanometer scale. 

Learning how to accurately control the optical response of these nanoantennas 

represents a very promising approach to the control of the distribution of light fields 

over space and time on the nanometer scale. Traditionally, two main complementary 

approaches have been followed in order to control the optical response of plasmonic 

nanoantennas: the first, static approach aims at optimizing the design of the 

nanoantenna as a function of its specific application, while the second, dynamic 

approach aims at reversibly tuning the optical near-field response of a given 

nanostructure by engineering its excitation light over time and space.  

The work reported in this Thesis expands on the state of the art of these two 

approaches, and develops new tools, both experimental and theoretical, to extend the 

level of control we have over the spatial distribution of light on the subwavelength 

scale.  

After presenting an overview of the basic principle of nano-optics and surface 

plasmon optics, Chapter 1 reviews the advances in the control of the optical response 

of metal nanostructures – either by a static or a dynamic approach – at the time this 

research work was initiated. 

Tailoring the shape and the dimensions of metal nanoparticles is still a fundamental 

ingredient in order to tune plasmonic resonances and to control light fields on the 

nanoscale. As novel examples of static control, therefore, Chapters 2 and 3 study new 

designs of plasmonic nanostructures with previously unexplored capabilities of molding 

light field on the nanoscale, such as a fractal design and a unidirectional Yagi-Uda 

nanoantenna.  

Chapters 4 and 5 describe a new theoretical and experimental tool for the dynamic 

and deterministic control of the optical response of nanoantennas based on a spatial 

phase shaping of the excitation light: the optical near-field distribution resulting from 

the interaction between light and plasmonic nanostructures is typically determined by 

the geometry of the metal system and the properties of the incident light, such as its 

wavelength and its polarization; nonetheless, the accurate and dynamic control of the 

optical near field at the subwavelength scale – independently of the geometry of the 



 

 
 

nanostructure -- is also an important ingredient for the development of future nano-

optical devices and to extend concepts and functionalities of macroscopic optics down 

to the nanometer scale.  

Finally, the Conclusion summarizes the results of this work and gives an overview 

of some parallel studies to this thesis. Some of the final remarks afford a glimpse into 

future perspectives and strategies to complement static and dynamic approaches in one 

powerful tool, which would enormously advance our ability to control the optical 

response of nanoantennas in space and time on a subdiffraction scale. 

 

 

 

 

 

 

 

 

 



 
 



 
 

 

 

 

 

Resumen



 
 

El control dinámico y determinístico de la luz en una escala espacial por debajo de 

la longitud de onda es un requisito clave para ampliar los conceptos y las 

funcionalidades de óptica de la macro-óptica hasta la escala nanométrica. Un mayor 

nivel de control también tendrá implicaciones importantes en nuestra comprensión de 

los fenómenos ópticos en la nanoescala. Uno de los principales problemas en nano-

óptica tiene como objetivo describir cómo y con qué precisión es posible controlar la 

distribución espacial de la luz de forma dinámica en la nanoescala. 

Desafortunadamente, un límite fundamental de la física – el límite de difracción de la 

luz – afecta nuestra capacidad de seleccionar ópticamente puntos separados por menos 

de media longitud de onda de la luz. 

El campo de la plasmónica ofrece una oportunidad única para cerrar la brecha entre 

el límite de difracción y la escala nanométrica. Nanoantenas metálicas pueden acoplarse 

eficientemente a luz propagante y focalizarla en volúmenes nanométricos, y viceversa. 

Además, estas nanoantenas prometen mejorar significativamente la eficiencia de 

procesos como le fotodetección, la emisión de luz, sensores, transferencia de calor, y 

espectroscopía a la escala nanométrica.  

Aprender a controlar de forma precisa la respuesta óptica de estas nanoantenas 

representa un enfoque muy prometedor para controlar la distribución espacial y 

temporal de la luz a la escala nanométrica. Tradicionalmente, se han desarrollado dos 

principales estrategias para el control de la respuesta óptica de nanoantenas 

plasmónicas: la primer estrategia (estrategia estática) tiene como objetivo la 

optimización del diseño geométrico de las nanoantenas acorde a su aplicación, mientras 

que la segunda estrategia (estrategia dinámica) tiene como objetivo la modulación 

reversible del campo cercano de una nanoestructura dada a través de la manipulación de 

la luz de excitación en el tiempo y el espacio.  

El trabajo presentado en esta Tesis extiende el estado del arte de estas dos 

estrategias, y desarrolla nuevas herramientas, tanto experimentales como teóricas, para 

ampliar el nivel de control que tenemos sobre la distribución espacial de la luz debajo 

del límite de difracción. 

Después de presentar una visión general de los principios básicos de nano-óptica y 

de la óptica de lo plasmones de superficie, el Capítulo 1 repasa los avances en el 

control de la respuesta óptica de nanoestructuras metálicas – sea por una estrategia 

estática o dinámica – en el momento en que se inició este trabajo de investigación.  

La modificación de la geometría y las dimensiones de las nanpartículas metálicas 

sigue siendo un ingrediente fundamental para controlar las resonancias plasmónicas y 

los campos de luz a la escala nanométrica. Como ejemplos novedosos de control 

estático, por lo tanto, los Capítulos 2 y 3 estudian nuevos diseños de estructuras 

plasmónicas con capacidades sin precedentes de modelar campos de luz a la escala 

nanométrica, en particular un diseño fractal y una nanoantena unidireccional tipo  Yagi-

Uda. 

Los Capítuols 4 y 5 describen una nueva herramienta teórica y experimental para el 

control dinámico y determinístico de la respuesta óptica de nanoantenas basada en la 

modulación espacial de la fase de la luz de excitación: el campo óptico cercano, que 

resulta de la interacción entre la luz y las nanoestructuras plasmónicas, es normalmente 



 

 
 

determinado por la geometría del sistema metálico y las propiedades de la luz incidente, 

como su longitud de onda y su polarización; sin embargo, el control exacto y dinámico 

del campo óptico cercano debajo de límite de difracción de la luz – independientemente 

de la geometría de la nanoestructura – es también un ingrediente importante para el 

desarrollo de futuros dispositivos nano-ópticos y para ampliar los conceptos y las 

funcionalidades de la óptica macroscópica a la escala nanométrica.  

Finalmente, la Conclusión resume los resultados de este trabajo y ofrece una visión 

general de algunos estudios paralelos a esta tesis. Algunas de las observaciones finales 

permiten echar un vistazo a las perspectivas y estrategias futuras para complementar el 

control estático y el control dinámico en una única herramienta, que podría avanzar 

enormemente nuestra capacidad de controlar la respuesta óptica de nanoantennas debajo 

del límite de difracción. 
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2 Introduction 
 

 
 

In the 20
th

 century, the advent of electronics marked the beginning of a new era in 

human science and technology: information technologies based on microelectronics, 

such as computers, the Internet and mobile phones, have deeply impacted the way we 

communicate, conduct business, and do science [Razavi (2008)].  

The development of microelectronics has progressively increased the scientific 

interest for nanoscience and nanotechnology: nowadays, in fact, research in these fields, 

which was originally driven by the computer industry, is attracting increasing 

fundamental interest by itself. A great deal of attention is devoted to advancing the field 

of optics on the nanometer scale, or nano-optics, mainly because the energy of light lies 

in the range of the electronic and vibrational transitions in matter [Novotny & Hecht 

(2006)].  

Controlling the distribution of light over space and time on the subwavelength scale 

has fundamental implications in our understanding of the physics underlying the 

nanoworld phenomena. Our increased level of control will be also useful, in terms of 

applications, in order to extend concepts and functionalities of macro-optics down to the 

nanometer scale. One of the main problems nano-optics is aiming to tackle, therefore, is 

how and how well we can dynamically control the spatial distribution of light on such a 

length scale. Unfortunately, a fundamental limit of physics – the limit of diffraction of 

light – hampers our ability to selectively optically address nanoscale features separated 

by less than half the wavelength of light. 

The field of plasmonics offers a unique opportunity for bridging the gap between the 

limit of diffraction and the nanometer scale [Brongersma & Shalaev (2010); Schuller et 

al. (2010)]. Plasmonic metallic nanoantennas can efficiently couple to propagating light 

and concentrate it into nanometer volumes, and vice versa. Additionally, these 

nanoantennas hold promise for enhancing the efficiency, to name but a few, of 

photodetection, light emission, sensing, heat transfer, and spectroscopy on the 

nanometer scale [Novotny & van Hulst (2011)]. 

Learning how to accurately control the optical response of these nanoantennas, 

therefore, represents a very promising approach to the control of the distribution of light 

fields over space and time on the nanometer scale. Traditionally, two main 

complementary approaches have been followed in order to control the optical response 

of plasmonic nanoantennas: the first, static approach aims at optimizing the design of 

the nanoantenna as a function of its specific application, while the second, dynamic 

approach aims at reversibly tuning the optical near-field response of a given 

nanostructure by engineering its excitation light over time and space.  

This thesis expands on the state of the art of these two approaches, and develops 

new devices and tools – both experimental and theoretical – that extend the level of 

control we have over the optical response of plasmonic nanoantennas. 

After presenting an overview of the basic principle of nano-optics and surface 

plasmon optics, Chapter 1 reviews the advances in the control of the optical response 

of metal nanostructures – either by a static or a dynamic approach – at the time this 

research work was initiated. 
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Tailoring the shape and the dimensions of metal nanoparticles is still a fundamental 

ingredient in order to tune plasmonic resonances and to control light fields on the 

nanoscale. As novel examples of static control, therefore, Chapters 2 and 3 study new 

designs of plasmonic nanostructures with previously unexplored capabilities of molding 

light field on the nanoscale, such as a fractal design and a unidirectional Yagi-Uda 

nanoantenna.  

Chapter 2 proposes the use of fractal nanostructures to extend the degrees of 

freedom and the parameters available for the design of plasmonic structures [Volpe et 

al. (2011)]. In particular, the focus is on a paradigmatic fractal geometry, namely the 

Sierpinski carpet, and on the possibility of using it to achieve a controlled broadband 

spectral response by controlling the degree of its fractal complexity. Furthermore, some 

other arising properties, such as subdiffraction focusing and its potential use for optical 

trapping of nano-objects, are investigated. An attractive advantage of the focusing over 

more standard geometries, such as gap antennas, is that it occurs away from the metal 

surface (      ), leaving an open space accessible to objects for enhanced light-

matter interactions. 

Chapter 3 presents the design and fabrication of an optical Yagi-Uda antenna 

[Curto et al. (2010)]. In order to prove the unidirectional emission pattern of the 

antenna, a quantum dot is placed in its near-field to drive the resonant feed element of 

the antenna. The resulting quantum-dot luminescence is strongly polarized and highly 

directed into a narrow forward angular cone. The directionality of the quantum dot can 

be controlled by tuning the antenna dimensions. These results show the potential of 

optical antennas to communicate energy to, from, and between nano-emitters. 

Chapters 4 and 5 describe a new theoretical and experimental tool for the dynamic 

and deterministic control of the optical response of nanoantennas based on a spatial 

phase shaping of the excitation light. The optical near-field distribution resulting from 

the interaction between light and plasmonic nanostructures is typically determined by 

the geometry of the metal system and the properties of the incident light, such as its 

wavelength and its polarization. Nonetheless, the accurate and dynamic control of the 

optical near field at the subwavelength scale – independently of the geometry of the 

nanostructure -- is also an important ingredient for the development of future nano-

optical devices and to extend concepts and functionalities of macroscopic optics down 

to the nanometer scale.  

As a first intuitive experimental verification of this idea, Chapter 4 shows the 

possibility of reconfiguring the optical near-field distribution near plasmonic 

nanoantennas based on sub-wavelength spatial phase variations at the focus of high-

order beams [Volpe et al. (2009)]. The first results show how the introduction of phase 

jumps in the incident field driving a gap nanoantenna strongly affects its near-field 

response. Moreover, the feasibility of exploiting this approach to selectively switch on 

and off hot spots within more complex antenna architectures is also demonstrated. 

Chapter 5, in order to extend the previous intuitive demonstration to any plasmonic 

design, proposes a novel deterministic protocol, based on continuous light flow, which 

enables us to control the concentration of light in generic plasmonic nanostructures 

[Volpe et al. (2010)]. Based on an exact inversion of the response tensor of the 
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nanosystem, the so called Deterministic Optical Inversion Protocol (DOPTI) provides a 

physical solution for the incident field that leads to a desired near-field pattern, 

expressed in the form of a coherent superposition of high-order beams. The high degree 

of control achieved on complex plasmonic architectures is demonstrated and the 

protocol’s efficiency and accuracy is also quantified. 

The Conclusion summarizes the results of this work and gives an overview of some 

parallel studies to this thesis. Some of the final remarks afford a glimpse into future 

perspectives and strategies to complement static and dynamic approaches in one 

powerful tool, which would enormously advance our ability to control the optical 

response of nanoantennas in space and time on a subdiffraction scale. 
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Chapter 1 
Plasmonics: Controlling Light on the 

Nanoscale 



6 1. Plasmonics: Controlling Light on the Nanoscale 
  

 
 

The dynamic control of the spatial distribution of light at subwavelength scales is 

important in order to extend concepts and functionalities of macro-optics down to the 

nanometer scale. A priori, optical control on this length scale goes against the law of 

diffraction of light, which prevents us from independently optically addressing two 

points separated by a distance shorter than roughly half the wavelength of light.   

Fortunately, the optical properties of some materials allow us to overcome this 

fundamental limit: plasmonic metallic nanoantennas, for example, can efficiently couple 

to propagating light and concentrate it into nanometer volumes. Learning how to 

accurately control the optical response of these nanoantennas, therefore, represents a 

very promising approach to the dynamic control of the spatial distribution of light fields 

on the nanometer scale.  

After giving an overview of the basic principles of nano-optics and Surface Plasmon 

optics, this chapter presents a review of the state of the art in the two main approaches – 

static and dynamic – that can be adopted to tune the optical response of similar nano-

systems.  

 

1.1 Nano-Optics: Extending Optics to the Nanoscale 

 
In the last twenty years, the need for ever smaller and faster devices have made 

miniaturization and integration two of the fundamental paradigms in electronics, and 

considerably increased the fundamental interest in nanoscience and nanotechnology, 

thus setting the basis for some of the new technological and scientific trends of the 21
st
 

century. Laser technology, electron microscopy, and nanofabrication facilities, to name 

but a few, have enhanced our ability to fabricate, measure and manipulate matter on the 

nanoscale or below, down to the level of a single atom [Novotny & Hecht (2006)]. As 

we move towards smaller and smaller length scales, new physical effects, such as 

quantum effects, become prominent and pave the way for a whole new range of future 

technological applications that may well complement, or even replace, standard 

technologies, such as microelectronics [Scarani & Thew (2006)].  

In this general trend towards nanoscience and nanotechnology, great effort is 

devoted to advancing the field of optics on the nanometer scale, or nano-optics, mainly 

because the energy of light lies in the range of the electronic and vibrational transitions 

in matter. Therefore, the interaction between light and matter offers a unique possibility 

not only to extract information about the structural and dynamical properties of matter 

[Moerner & Kador (1989);  Chen et al. (2010)], but also to control and manipulate the 

aforementioned properties, for example, for the implementation of optical circuits 

[Almeida et al. (2004)] and sensors [Kreuzer et al. (2006)], as well as for applications in 

data storage [Zijlstra et al. (2009)], optical trapping [Juan et al. (2011)] and super-

resolution microscopy [Hell (2007)]. Moreover, the implementation of photonic devices 

at the nanoscale could offer a faster alternative to electronics both in terms of 

computation and communication speed (Figure 1.1 (b)). 
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In order to be beneficial for these and many other applications and to extend 

concepts and functionalities of macro-optics down to the nanoscale, current nano-optics 

is facing one of its main challenges: how and how well can we control the distribution 

of light over space and time on this length scale?  

 

1.1.1 The limit of diffraction of light 

 

Traditionally, our ability to selectively optically address nanoscale features has been 

limited by a fundamental law of physics – namely the limit of diffraction – that prevents 

us from focusing propagating light to dimensions smaller than roughly half its 

wavelength, typically a few hundred nanometers at visible frequencies. In a typical 

nano-optical problem (Figure 1.1 (a)), the area of interest in which we would like to 

control light is typically much smaller than this size. 

 

 
 

Figure 1.1:  Plasmonics: overcoming the limit of diffraction. (a) In a typical nano-

optical system, the area of interest (red circle) is much smaller than the wavelength of 

light. Unfortunately, the limit of diffraction has hampered our ability to selectively 

optically address nanoscale features to roughly half the wavelength of light (grey 

circle); (b) plasmonic structures can serve as a bridge between photonics and 

nanoelectronics by focusing light to subwavelength volumes. The different domains in 

terms of operating speed and device sizes rely on the unique material properties of 

semiconductors (electronics), insulators (photonics), and metals (plasmonics). The 

dashed lines indicate physical limitations of different technologies: semiconductor 

electronics is limited in speed by heat generation and interconnect delay time issues to 

about 10 GHz; dielectric photonics is limited in size by the fundamental laws of 

diffraction. Figure adapted from [Brongersma & Shalaev (2010)]. 

 

Generally speaking, the reason behind this fundamental limit can be understood in 

terms of Fourier mathematics [Novotny & Hecht (2006)]: Fourier considerations lead, 

in fact, to an expression that connects the minimum distinguishable separation distance 

   between two point sources to the bandwidth of the spatial frequencies     that can 
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be collected by the optical system along the same spatial direction. The resulting 

expression reads as:  

 

   
 

   
                                                                    

 

According to Equation (1.1), the minimum separation distance along one direction   is, 

therefore, inversely proportional to the spread in the magnitude of the wave vector 

components in the respective spatial direction: in far-field optics, where the spatial 

frequencies associated with evanescent wave components can be discarded, the 

maximum possible value for     is given by the total length of the free-space wave 

vector 

 

     
    

    
  

  

 
                                                     

 

This leads to the final expression 

 

   
 

  
                                                                    

 

which then sets a lower limit for    [Vigoureux & Courjon (1992); Novotny & Hecht 

(2006)]. In a real system, however, this expression must be corrected by the numerical 

aperture    of the focusing lens, which accounts for the limited collection cone and the 

refractive index of the medium.  

The figure set by Equation (1.3) is a best case scenario. According to the Rayleigh 

criterion instead, the radius of the smallest spot, to which a collimated beam of light can 

be focused, is given by [Born & Wolf (2002); Hell (2007)] 

 

       
 

  
                                                             

 

which also gives the distance between two object points that can just be resolved, and 

therefore addressed independently. This limit is approximately a factor 2 worse than the 

criterion of Equation (1.3).  For a high-resolution immersion oil lens (       ), this 

value is, for example, about        for the shortest wavelength of visible light 

(        ).  

 

1.1.2 Beyond the limit of diffraction 

 

Fortunately, it is still possible to increase the spatial confinement of light along one 

component of the wave vector beyond the limit of Equation (1.3) at the expense of the 

other components that become purely imaginary. In fact, from Equation (1.2) and (1.3), 
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 implies that   

  
  

 
, and, therefore, to satisfy Equation (1.3),   

  and   
  must 

be negative that is,    and    , being purely imaginary, and thus associated to 

evanescent fields [Novotny & Hecht 2006]. In this case then, the Rayleigh limit for the 

confinement of light no longer holds, and in principle infinite confinement of light 

becomes, at least theoretically, possible. For example, the utilization of photonic 

crystals [Noda et al. (2000)] or left-handed metamaterials [Pendry (2000); Fang et al. 

(2005)] are among the main approaches for focusing light to subwavelength volumes. 

The field of plasmonics also offers a powerful alternative and unique opportunity for 

bridging the gap between optical wavelength and nanometer sizes [Schuller et al. 

(2010)], as shown in Figure 1.1 (b). In particular, plasmonics combines the size of 

nanolectronics and the speed of dielectric photonics, enabling devices that might 

naturally interface with similar-speed photonics devices and with similar-sized 

electronic components, thus enhancing the synergy between these two technologies 

[Brongersma & Shalaev (2010)]. However, before this scenario can be realized, some 

open challenges need to be fully addressed, such as how to compensate resistive heating 

losses in plasmonic systems or – the topic of this thesis – how to effectively control 

their optical response in space and time on a nanometer scale. 

 

1.2 Surface Plasmon Optics  

 
The phenomenon of Surface Plasmons (SPs) is one of the many physical 

phenomena arising from the interaction between light and matter. Its origin stems from 

the unique properties of metals at optical frequencies: at these frequencies, metals, 

especially noble metals such as gold and silver, have a large negative real part along 

with a small imaginary part of the dielectric constant. A similar phenomenon, therefore, 

cannot be reproduced in other spectral ranges, where metals behave as perfect 

conductors, by simply using the scale invariance of Maxwell’s equations.   

This Section, after reviewing the optical properties of noble metals, introduces some 

fundamental concepts about surface-plasmon optics. Depending on the geometry of the 

metal structure, in particular, two distinct types of SPs can be identified (Figure 1.2): 

Surface Plasmon Polaritons (SPPs) [Raether (1988)] and Localized Surface Plasmons 

(LSPs) [Kreibig & Vollmer (1993)]. SPPs, sustained at a metal-dielectric interface, are 

propagating electromagnetic surface waves associated to collective oscillation of the 

free electrons of the metal due to an incident electromagnetic field (Figure 1.2 (a)) 

[Barnes et al. (2003)]. In contrast, LSPs, which this Thesis mainly deals with, are 

associated with bound electron clouds in nano-voids or particles with dimensions much 

smaller than the wavelength of the incident light (Figure 1.2 (b)) [Schuller et al. 

(2010)]. While for SPPs propagating on plane interfaces the electromagnetic field is 

strongly localized just in the dimension perpendicular to the interface, LSPs are able to 

confine the field in two or three dimensions, thus offering higher control over light 

fields on a subdiffraction scale.   



10 1. Plasmonics: Controlling Light on the Nanoscale 
  

 
 

 
 

Figure 1.2:  Surface Plasmon Polaritons vs. Localized Surface Plasmons. (a) SPPs at the 

interface between a metal and a dielectric material are propagating electromagnetic 

surface waves associated to collective oscillations of the free electrons of the metal 

driven by the incident electromagnetic field. (b) In contrast, LSPs are associated with 

bound electron clouds in nano-voids or particles; these electron clouds oscillate in 

phase with the incident electric field when the particle’s dimension is much smaller than 

the wavelength of light. (c) The dispersion curve for a SPP (red line) typically lies to the 

right of the light cone (delimited by the dashed black line) and spreads over a wide 

range of frequencies: the SPP momentum is therefore greater than the momentum of a 

free space photon of the same frequency. The LSP dispersion curve (blue line) exists 

only over a narrow frequency range and it intersects the light cone: in contrast to SPPs, 

therefore, LSPs can be directly coupled with propagating light. 

 

1.2.1 The dielectric function of noble metals 

 

The optical properties of metals can be described by their complex dielectric 

constant       that depends on the frequency of light [Novotny & Hecht (2006); Maier 

(2007)]. Assuming that the conduction electrons can move freely within the bulk of the 

material, the Drude-Sommerfeld model for the free electron gas, in particular, leads to 

this expression for the dielectric constant of a real metal: 
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where    is the volume plasma frequency of the free electron gas,   is a damping term 

due to scattering events between electrons, and    is a fitting constant parameter greater 

than, or equal to, one.  

 

 
 

Figure 1.3:  Dielectric function of gold. Real part (a) and imaginary part (b) of the 

dielectric function of gold. The blue circles and the red crosses represent experimental 

values taken respectively from [Palik (1985)] and [Johnson & Christy (1972)]; in the 

two sets of data, despite some discrepancy, the real part of the dielectric constant is 

negative over the extended visible range. The black continuous line represents the 

fitting of Equation (1.5) to Johnson & Christy’s data. The model accurately describes 

the experimental optical properties of the metal in the infrared regime, while in the 

visible (        ) it needs to be supplemented with additional terms to take into 

account the response of bound electrons. 

 

Figure 1.3 is a plot of the experimental values of the dielectric constant for gold 

(real and imaginary part) according to [Palik (1985)] – blue circles – and [Johnson & 

Christy (1972)] – red crosses: in both cases, the real part of the dielectric constant is 



12 1. Plasmonics: Controlling Light on the Nanoscale 
  

 
 

negative over the extended visible range. The imaginary part of the dielectric constant, 

instead, describes the dissipation of energy associated with the motion of the electrons 

in the metal [Novotny & Hecht (2006)]. Differently from other frequency ranges, where 

metals behave as perfect conductors, one consequence of the negative real part of the 

dielectric constant is the fact that light can penetrate into the metal, albeit only to a very 

small extent. The black continuous line in Figure 1.3 fits the Drude-Sommerfeld model 

to Johnson & Christy’s data using                 and                , 

which are the values for gold reported in [Okamoto (2001)]: in the infrared regime for 

wavelength above       , the optical properties of the metal can be accurately 

described by the Drude-Sommerfeld model; in the visible, the model needs to be 

supplemented to take into account the response of bound electrons [Novotny & Hecht 

(2006)]. For gold, for example, at a wavelength shorter than approximately       , the 

measured imaginary part of the dielectric function increases much more strongly, as 

predicted by the model, mainly because higher energy photons can promote electrons of 

lower-lying bands into the conduction band.  

 

1.2.2 Surface Plasmon Polaritons (SPPs) 

 

As already introduced, SPPs are surface light waves that occur at the interface between 

a conductor and a dielectric as the result of the interaction of an incident 

electromagnetic field with the free electrons of the conductor [Barnes et al. (2003)]. In 

this interaction, the free electrons respond collectively by oscillating in resonance with 

the incident field, thus generating light waves trapped at the interface between the 

conductor and the dielectric (Figure 1.2 (a)). 

Mathematically, these localized modes can be found as a solution of the 

electromagnetic wave equation when the dielectric constants –   and    – of the media 

at both sides of the interface satisfy the following conditions [Novotny & Hecht (2006); 

Maier (2007)]: 

 

 
       
       

                                                                                                                       

 

which means that the real part of one of the dielectric functions must be negative with 

an absolute value exceeding that of the other. Therefore, SPPs can exist at the interface 

between a noble metal and a dielectric, but not between two dielectrics. 

In contrast to the propagating nature of SPPs in the surface plane, the field 

perpendicular to the propagation direction decays exponentially with distance from the 

surface. Moreover, as a consequence of the interaction between surface charge density 

and the incident electromagnetic field, the momentum of SPPs is greater than that of a 

free-space photon of the same frequency [Barnes et al. (2003)], as show in Figure 1.2 

(c) where the SPP dispersion curve lies at the right of the light cone. SPPs, therefore, do 

not couple directly to light propagating in free space, and their excitation requires 

special configurations either relying on coupling via evanescent waves, such as the 
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Kretschmann configuration [Kretschmann & Raether (1968)] and the Otto configuration 

[Otto (1968)], or on gratings and defects at the surface [Lopez-Tejeira et al. (2007); 

Renger et al. (2007)] in order to compensate for this momentum mismatch between the 

SPP and the incident radiation. Recently, the direct excitation of SPPs on a metal 

surface was demonstrated by nonlinear mixing of free-propagating photons [Renger et 

al. (2009)]. 

 

1.2.3 Optical properties of resonant metal nanoparticles (LSPs) 

 

As shown in Figure 1.2 (b), LSPs, unlike SPPs on flat and extended metal surfaces, 

comes into play when the metal dimensions are much smaller than the wavelength of 

the incident light [Schuller et al. (2010)]. Whilst SPPs have a continuous dispersion 

relation and, thus, exist over a wide range of frequencies, LSP resonances only exist 

over a narrow frequency range due to additional constraints imposed by their finite 

dimensions. Moreover, also in contrast to SPPs, LSPs can be directly coupled with 

propagating light (Figure 1.2 (c)): in fact, their enhanced scattering cross-section at 

resonance makes of them very efficient antennas.  

The physical origin behind LSP resonances can be better understood by means of a 

simple model structure, such as a sphere. The scattering of a sphere can be evaluated 

analytically by calculating its electric polarizability   [Kreibig & Vollmer (1993)], as 

long as the particle is much smaller than the wavelength of the incident light   – quasi-

static approximation: 

 

        
       

        
                                                     

 

where   is the volume of the sphere,    and   the respective dielectric constants of the 

metal and of the surrounding medium. Looking at the denominator of Equation (1.7), 

when the real part of the dielectric function of the metal is negative and matches   , the 

polarizability experiences a resonance, which is responsible for an enhancement in the 

scattering and absorption cross-sections of the sphere [Kreibig & Vollmer (1993)]. 

The spectral position of this resonance and, therefore, the optical properties of single 

plasmonic nanoparticles can be controlled by tailoring the particles’ size and shape, as 

well as the dielectric functions of the metal and the surrounding media. By extending 

Equation (1.7) to non-spherical geometries, such as an ellipsoid, the spectral position of 

the polarizability resonance becomes directly dependant on the particle geometrical 

parameters. In the quasi-static approximation, the electric polarizability    along one of 

the principal axis of an ellipsoid (        ) can be derived analytically [[Kreibig & 

Vollmer (1993)]]: 
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where   is the volume of the ellipsoid, and    is a purely geometric factor that, for 

spheroids, is a complex function of their eccentricity  . For the specific case of a prolate 

spheroid (     ), 

 

   
    

  
 
 

  
  

   

   
                                                 

 

while the remaining factors    and    are fixed by the relation      . Now therefore, 

the zero of the denominator in the Equation (1.8) determines the wavelength of the 

ellipsoid’s optical resonance also as a function of its geometry. 

From the expression of the polarizabilty     , the absorption cross-section      and 

the scattering cross-section      of the spheroid can now be calculated [Kreibig & 

Vollmer (1993)], by using: 

 

 
 

      
  

 
     

     
 

  
 
  

 
 
 

    
                                                         

 

 

 
 

Figure 1.4: Optical properties of single nanoparticles. (a) Analytical scattering cross-

section of a gold prolate spheroid (           ) as a function of the length of 

its long axis and the wavelength of the incident light (      is taken from [Johnson & 

Christy (1972)] and       ): the dashed white line highlights the red-shift of the 

resonance as the lengths of the ellipsoid’s long axis increases; (b-d) various examples 
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of plasmonic nanostructures: (b) gold nanorods fabricated by e-beam lithography, (c) 

chemically synthesized, truncated silver cubes [Sun & Xia (2002)], and a split-ring 

resonator also fabricated by e-beam lithography [Husnik et al. (2008)]. 

 

Figure 1.4 (a) represents the logarithm of the scattering cross-section of a gold 

spheroid in air (      is taken from [Johnson & Christy (1972)] and       ) as a 

function of its eccentricity and the wavelength of the incident light; the dashed white 

line, in particular, highlights how the resonance of the scattering cross-section shifts 

with the increasing eccentricity of the spheroid: the more eccentric – hence, the more 

prolate – the spheroid, the more red-shifted is its resonance. The same qualitative trend 

can be observed experimentally on ellipsoids [Grand et al. (2006)] and rods [Link et al. 

(1999)], in spite of the intrinsic limitations of this simple model, which become more 

prominent when the structures stop to be much smaller than the wavelength of light. In 

this case, full 3D solvers of the Maxwell equations can give more reliable results and fit 

better the resonances of real structures [Grand et al. (2006); Link et al. (1999)]. 

The same capability of tuning the optical properties, as a function of the wavelength 

and the polarization of the incident light, has also been shown in very differently shaped 

nanostructures, such as in polyhedral particles [Noguez (2007)], nanocups and 

nanoshells [Knight & Halas (2008)], or nanostars [Nehl et al. (2006)]. Figure 1.4 (b-d) 

show a few different geometries of possible nanostructures, fabricated either with 

bottom-up or top-down approaches. 

 

1.2.4 The emerging concept of optical antennas  

 

In the past decades, the concept of nanoantennas has emerged in nano-optics as an 

enabling technology for controlling the spatial distribution of light at subwavelength 

scales [Bharadwaj et al. (2009); Novotny & van Hulst (2011)]. Great effort, in 

particular, has been devoted to scaling antenna concepts, operating at radiowaves and 

microwaves, down to the optical regime, where the antenna’s otherwise poor 

performance can be substantially enhanced by LSP resonances. 

The objective of optical antenna design is equivalent to that of classical antenna 

design: to optimize and control the energy transfer between a localized source or 

receiver and free radiation (Figure 1.5). In standard antenna theory, where metals are 

perfect conductors, the characteristic length   of an antenna is directly related to the 

wavelength   of the incoming – or outgoing – radiation [Balanis (2005)]: 

 

                                                                          

 

where       is a design constant, for example           for an ideal half-wave 

dipole antenna. The behavior of the antenna, therefore, is completely governed by its 

geometry.  
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Figure 1.5:  Design of a nanoantenna. (a) Emitting antennas and (b) receiving antennas 

are designed to optimize the transfer of propagating radiation respectively, from a 

localized source or to a receiver. The arrows indicate the direction in which the energy 

flows. Figure adapted from [Novotny & van Hulst (2011)].  

 

At optical frequencies, however, where metals behave as strongly coupled plasma, 

what turns metallic nanoparticle into very efficient antennas is mainly the possibility of 

exploiting their plasmonic resonant behavior. In this frequency regime, in fact, the mere 

wavelength scaling breaks down because the incident radiation is no longer perfectly 

reflected from the surface of the metal. The antenna, therefore, no longer responds to 

the incident wavelength in vacuum, but to a shorter effective wavelength     , which is 

controlled not only by the shape of the nanoantenna but also by intrinsic plasmonic 

effects related to the dielectric properties of the metal structure and its surroundings 

[Novotny (2007)]. Using a model based on a metal cylindrical waveguide, the effective 

wavelength in optical antennas, therefore, can be expressed as: 

 

          

 

  
                                                           

 

where    is the plasma wavelength of the metal, and    and    are coefficients that 

depend on the geometry of the antennas and the dielectric properties of the system 

materials. We can, therefore, rewrite Equation (1.11) by replacing   with     : for metal 
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nanorods described as Fabry-Pérot cavities, for example, the relation between 

characteristic length   and effective wavelength      reads as [Giannini et al. (2011)]: 

 

  
 

 
                                                                       

 

where   is an integer number. This equation forces the effective wavelength of the LSP 

resonance to fit exactly a half-integer number of times into the nanoparticle length. 

Moreover, despite the widespread use of radiowave and microwave antennas, their 

optical analogues still raise technological challenges connected to their fabrication: as 

shown in Equation (1.12) and (1.13), the characteristic dimensions of an antenna are 

smaller than the radiation wavelength, and for optical antennas this requires fabrication 

accuracies at least in the order of a few tens of nanometers. Recently, however, 

prototype optical antennas have been devised using top-down or bottom-up 

nanofabrication tools [Mühlschlegel et al. (2005); Ghenuche et al. (2008); Kalkbrenner 

et al. (2005)].  

 

1.3 Static Control of the Response of Nanoantennas 

 
Tailoring the shape and the dimensions of metal nanoparticles is a fundamental 

ingredient in order to tune plasmonic resonances and to control light fields on the 

nanoscale [Schuller et al. (2010); Giannini et al. (2011)]. This concept is well known in 

standard antenna theory, where an antenna of a specific length is at resonance with a 

certain wavelength of light, as seen in Equation (1.11). Even though the spectral 

properties of a metallic nanoparticle are governed not only by its size and shape but also 

by the dielectric functions of both metal and surrounding media, the most 

straightforward way to tune its resonance to a different wavelength would still be to 

physically change the dimensions of the antenna.  

In the past decade, the emergence of efficient nanofabrication techniques has made 

possible to engineer the electromagnetic response of metal nanostructures with an 

unprecedented accuracy and selectivity as a function of the wavelength and polarization 

of light. Some of these techniques are based on chemical synthesis [Jin et al. (2001), 

Sun & Xia (2002)], others rely on nanofabrication tools, such as electron-beam 

lithography [Craighead & Niklasson (1984); Krenn at al. (2000)], electron-beam 

induced deposition [Graells et al. (2007)], nano-imprint lithography [Fernandez-Cuesta 

et al. (2007)], or focused ion-beam milling [Ebbesen et al. (1998)]. Only recently, 

approaches that combine top-down and bottom-up techniques have made their 

appearance on the scientific scene [Huang et al. (2011)].  

 

1.3.1 Engineering of single nanoparticles and nanowires 

 

As seen in Section 1.2.3, the optical properties of single metallic nanoparticles, as a 

function of the wavelength and the polarization of the incident light, can be controlled 
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by tailoring their shape and dimensions as well as the dielectric functions of both the 

constitutive metal and the surrounding media. Nanoparticles and nanorods similar to 

those of Figure 1.4 (b) are among the simplest geometries of plasmonic antennas used 

for focusing free-space propagating light on the nanoscale. 

Alternatively, nanofocusing of light can be achieved by the compression of SPPs 

propagating along tapered metallic nanowires [Novotny & Hafner (1994); Stockman 

(2004); Schnell et al. (2011)] or slot waveguides [Pile & Gramotnev (2006); Choi et al. 

(2009); Vedantam et al. (2009)], at whose apexes very strong charge gradients can be 

generated. In this case, rather than a free-space propagating wave, a propagating surface 

wave is focused. In these structures, the SPP excitation and the focus at the taper apex 

are spatially separated, thus offering an improved signal-to-noise ratio for some 

applications to near-field microscopy.  

Finally, the geometry of a nanostructure can be further engineered in order to obtain 

an optimal electromagnetic response for a given application: the split ring resonators of 

Figure 1.4 (d), for example, are designed to have a strong magnetic response in the 

optical regime [Husnik et al. (2008)].  

 

1.3.2 Engineering of ensembles of coupled nanoparticles 

 

In many applications involving metal nanoparticles, an important role is played by 

ensembles. Nowadays, it is clear that the plasmonic properties of a nanosystem strongly 

depend on the interplay between its constituting particles [Su et al. (2003); Prodan et al. 

(2003)]: in fact, coupled plasmonic oscillations take place whenever the near-field of a 

particle interacts with that of an adjacent particle [Kreibig & Vollmer (1993)]. The 

resonance of the coupled system occurs at a wavelength that is red-shifted from the 

resonance of an isolated particle, and the magnitude of this shift depends on the strength 

of the coupling between particles, which, in turn, depends on their proximity [Su et al. 

(2003)]; interestingly, even though the absolute plasmon shift depends on many factors, 

such as the size and shape of the particles, the type of metal, and the surrounding 

medium, an independent universal scaling trend of the fractional shift of the wavelength 

      can be observed when the distance   between two particles is scaled by their 

characteristic dimension   [Jain et al. (2007); Jain & El-Sayed (2008)]: 

 

  

  
 

     

  
    

 
                                                         

 

where    and    are the resonances of the coupled system and of the isolated particle 

respectively,   is a fitting constant, and       for gold particles [Jain & El-Sayed 

(2008)]. A more recent study offer an alternative theoretical approach to determine  the 

optical properties of nanoparticle dimers when connected by conductive gap linkers 

[Pérez-González et al. (2011)]. 

Near-field coupling between adjacent plasmonic particles can also lead to strong 

surface charge gradients in the separation gap between adjacent particles, thus 
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dramatically enhancing the intensity of the incident light by many orders of magnitude. 

This effect, for example, was theoretically studied on a system of coupled gold 

nanorods in 2005 [Aizupurua et al. (2005)]. That same year, nanofabricated resonant 

optical antennas were experimentally demonstrated [Mühlschlegel et al. (2005]: a 

strong field enhancement was observed in the gap of gold dipole nanoantennas that had 

been designed and fabricated to be resonant at optical frequencies. Later in 2008, more 

quantitative data were acquired that, as shown in Figure 1.6, compared clearly the 

optical near-field of a single gold nanorod to that emitted by two coupled nanorods of 

the same length [Ghenuche at al. (2008)].  

Alternatively, other coupled geometries of two or more particles have also been 

proposed for purposes of field enhancement and light confinement on the nanoscale, 

such as bowtie antennas [Schuck et al. (2005)], self-similar chains [Li et al. (2003)], 

and periodic one-dimensional arrangements of metal nanoparticles [Ghenuche et al. 

(2007)]. 

 

 
 

Figure 1.6: Field enhancement in the gap of two coupled nanorods. Optical signal and 

respective SEM micrographs of (a) a single gold nanorod and (b) two coupled gold 

nanorods. The coupled system shows a much higher field enhancement than the single 

rod because of a strong charge gradient at the gap. Each rod is 500 nanometers long. 

Picture adapted from [Ghenuche et al. (2008)]. 

 

1.4 Dynamic Control of the Response of Nanoantennas 

 
Recent progresses in numerical modeling, together with the spreading of 

nanofabrication techniques, have enabled researchers to accurately engineer the optical 

properties of plasmonic nanostructures for specific applications. For instance, 

engineered plasmonic nano-objects are being used for data storage [Zijilstra et al. 

(2009)], microscopy [Yano et al. (2009)], solar cells [Atwater & Polmann (2010)], 

optical trapping [Juan et al. (2011)], molecular sensors [Acimovic et al. (2009)], as well 

as for tailoring the emission pattern of single-photon emitters [Ringler et al. (2008)].   
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In all these cases, the optical near-field distribution resulting from the interaction 

between light and plasmonic nanostructures is mostly determined by the geometry of 

the metal system and the properties of the incident light, such as its wavelength and its 

polarization. In the past decade, in particular, one of the biggest achievements in 

plasmonics was the possibility of creating intense fields on the nanometer scale 

[Schuller et al. (2010)] – the so called hot spots.  

While a modification of the wavelength or the polarization of the incident light can 

induce substantial changes in the near-field distribution [de Waele et al. (2007); 

Hrelescu et al. (2011)], it does not enable controlling the location of these hot-spots at 

any desired position of a generic nanostructure. Nonetheless, the accurate and dynamic 

control of the optical near field at the subwavelength scale is required for the 

development of future nano-optical devices and to extend concepts and functionalities 

of macroscopic optics down to the nanometer scale [Stockman et al. (2002)]. 

Such control cannot be managed by simply focusing light from the far-field because 

of the limit of diffraction (Section 1.1). Two different main strategies have been 

proposed in order to overcome this fundamental limitation: the first aims to generate 

coherent interference of surface plasmons over time and space, while the second aims to 

induce a different optical response of a nanosystem by dynamically tuning its physical 

properties, such as the refractive index of the surrounding. Alternatively, scanning probe 

techniques have also been proposed to launch surface plasmons at freely chosen 

positions by scanning subdiffraction excitation sources in the near-field, for example by 

placing a single-photon emitter on a dielectric tip [Cuche et al. (2010)], by exploiting 

the field enhancement of a nanoantenna [Riedel et al. (2010)] or by tunneling low-

energy electrons [Bharadwaj et al. (2011)].  

 

1.4.2 Coherent control 

 

Shaping the amplitude and phase of femtosecond light pulses is a useful tool to 

dynamically generate waveforms that are modulated both in frequency and space and 

that can be focused onto microscopic time domains on a femtosecond time scale 

[Wefers & Nelson (1993); Feurer et al. (2003)]. This shaping offers a unique 

opportunity to coherently control ultrafast phenomena on the nanoscale, where the 

phase and the polarization of the excitation pulse provide additional degrees of freedom 

to perform such a control.  

In 2002, Stockman and colleagues postulated the possibility of concentrating local 

fields in plasmonic nanostructures at a desired location in time and space with a 

femtosecond and nanometric accuracy, by suggesting the phase modulation of the 

excitation pulse of light [Stockman et al. (2002); Stockman et al. (2004); Durach et al. 

(2007)]. This effect is based on the interference between the different components of the 

incident radiation: the excitation field takes energy away from those parts of the 

nanosystem whose oscillations are out of phase with the driving pulse, and moves it to 

those parts whose oscillations are in phase [Stockman et al. (2002)]. The femtosecond 

evolution of this interference phenomenon was observed on a corrugated silver film by 
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means of a pump-probe experiment combined to photoelectron emission microscopy 

[Kubo et al. (2005)]. 

 

 
 

Figure 1.7: Examples of coherent control. (a) Adaptive control: the optical near-field 

response of a silver nanostructure is dynamically tailored through the adaptive 

polarization shaping of a series of femtosecond laser pulses This approach requires the 

combination of a multiparameter pulse shaper with a learning algorithm. (b) Time 

reversal: a femtosecond optical nanosource is locally coupled to the plasmonic 

oscillations of a complex nanostructure, which in change radiates in the far-field. 

Reversing this radiation in time and feeding it back to the system is enough to localize 

its energy at the nanosource’s initial position. Pictures respectively adapted from 

[Aesclimann et al. (2007)] and [Li & Stockman (2008)]. 

 

A few years later, the adaptive shaping of the phase and amplitude of femtosecond 

laser pulses was proposed as an efficient tool for the direct manipulation of interference 

phenomena in plasmonic systems [Brixner et al. (2005); Brixner et al. (2006)]. A first 

experimental implementation of this idea came across in 2007, when Aeschlimann and 

colleagues were able to dynamically tailor the optical near-field response of a silver 

nanostructure through the adaptive polarization shaping of femtosecond laser pulses 

[Aeschlimann et al. (2007)]. 

Finally, in 2008 the idea of time reversal was also theoretically proposed in order to 

dynamically control the optical near-field response of plasmonic structures [Li & 

Stockman (2008)]. In this approach, a femtosecond optical nanosource, such as a single-

photon emitter, is locally coupled to the plasmonic oscillations of a complex system, 

which in change radiates in the far-field. Reversing this radiation in time – and feeding 

it back to the original system as an excitation wave – recreates the right illumination 

conditions to concentrate light at the initial position of the local nanosource.  
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1.4.2 Alternatives to coherent control 

 

Alternative strategies to coherent control mainly aim to tune the optical response of 

a plasmonic nanosystem by dynamically changing either its geometry or the refractive 

index of the background media: for example, reversible electrochemical and molecular 

switches were successfully employed to tune the spectral resonance of an ensemble of 

nanoparticles [Leroux et al. (2005); Zheng et al. (2009)]. In contrast to coherent control, 

however, these approaches typically produce a more limited amount of control, since 

the optical response of the nanosystem can be switched only between a few allowed 

states. 

Nematic liquid crystals, whose optical properties can be tuned electrically, have 

been vastly employed to induce reversible local changes in the refractive index of the 

medium surrounding a metal nanostructure [Müller et al. (2002); Park & Stroud (2004); 

Chu et al. (2006); Evans et al. (2007); Dickson et al. (2008); Berthelot et al. (2009)]. 

In the case of pairs of antennas, their near-field coupling can be precisely controlled 

mechanically [Olk et al. (2008); Merlein et al. (2008)] or photochemically [Härtling et 

al. (2008)]. 

Finally, in the field of metamaterials, the optical response of large otherwise passive 

arrays of nanoparticles can be rendered active by integrating dynamic components into 

the design with similar strategies to the one discussed above. At the resonant 

wavelength, for example, the amplitude of the response of optical metamaterials can be 

modulated via electrical carrier injection in semiconductor substrates [Chen et al. 

(2006)] or mechanical reorientation of the resonant nanostructures using 

microelectrochemical systems [Tao et al. (2009)]. Frequency modulation has also been 

demonstrate by changing the dielectric environment around the nanostructures with 

phase-transition materials [Dicken et al. (2009); Samson et al. (2010)], liquid crystals 

[Xiao et al. (2009)], and optical pumping of the substrate [Chen et al. (2008)]. 

Alternatively, exploiting the elasticity of a complaint substrate, the resonant frequency 

of a metamaterial can be tuned by changing the distance, and thus the coupling strength, 

between pairs of nanostructures [Pryce et al. (2010)].  
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The previous chapter reviewed the advances in the control of the optical response of 

plasmonic nanostructures – either by a static or by a dynamic approach – at the time the 

research work of this thesis was initiated.  

Tailoring the shape and the dimensions of metal nanoparticles comes across as a 

fundamental ingredient in order to engineer both spectral and spatial features of 

plasmonic light fields on the nanoscale: the response, upon illumination at a given 

wavelength and polarization, is ultimately governed by the characteristic lengths 

associated to the shape and size of the nanostructure under study. As an example of 

novel static control, this chapter introduces the use of fractal geometries in the design of 

engineered plasmonic structures as a promising way to increase the number of 

characteristic lengths within the nanostructures, thus extending the degrees of freedom 

and the parameters available for their design [Volpe et al. (2011)].  

Here, the focus is on a paradigmatic fractal geometry, namely the Sierpinski carpet, 

and on the possibility of using it to achieve a controlled broadband spectral response by 

controlling the degree of its fractal complexity. Furthermore, some other arising 

properties, such as subdiffraction limited focusing and its potential use for optical 

trapping of nano-objects, are also discussed. An especially attractive advantage of the 

focusing over more standard geometries, such as gap antennas, is that it occurs away 

from the metal surface, leaving an open space accessible to objects for enhanced light-

matter interaction. 

 

2.1 Fractals and Nano-Optics 

 
The term fractal was first coined by French-American mathematician Benoît 

Mandelbrot in 1975, and it was derived from the Latin word fractus meaning broken or 

fractured. Strictly speaking, a fractal is a rough or fragmented geometric shape that can 

be split into parts, each of which is, at least approximately, a reduced-size copy of the 

whole [Mandelbrot (1982)]. A fractal is, therefore, a geometrical shape whose parts 

resemble, at least statistically, the whole. This often makes fractals self-similar, i.e. 

parts look like each other and like the whole object. From the mathematical point of 

view, a fractal is based on an equation that undergoes iteration. 

Since the publication of Mandelbrot’s book The Fractal Geometry of Nature in 1982 

[Mandelbrot (1982)], multiple-scale properties of fractal geometries have proven useful 

in studying phenomena with recurring features at progressively smaller scales, from 

eroded coastlines to snowflakes and from Internet networks to galaxy formation 

[Peitgen et al. (1992)]. In particular, the design of fractal geometries has been employed 

in the development of multiband compact fractal antennas for mobile 

telecommunication devices and radio-frequency (RF) infrastructures [Werner & 

Ganguly (2003)].  

 

 

 



Nanoscale Spatial Control of Light in Optical Antennas 25 
 

 
 

2.1.1 The Sierpinski carpet 

 

The Sierpinski carpet is one of the most studied fractal geometries. It is named after 

Polish mathematician Waclaw Sierpinski who first described it in 1916 [Sierpinski 

(1916)]. In this chapter, this paradigmatic fractal also serves as test geometry to show 

the far-reaching properties of the combination between plasmonics and engineered 

fractal designs. 

 
Figure 2.1: Construction of the Sierpinski carpet. (a) First, (b) second, and (c) fourth 

step of the construction process of the fractal. At any iteration, new length scales are 

added to the resulting figure. 

 

Figure 2.1 shows the construction procedure of the Sierpinski carpet, procedure that 

will be useful later in this chapter. The construction starts with a square of side length   

– the zeroth fractal order (Figure 2.1 (a)). This square is then divided into a grid of     

   -sided squares and the central sub-square is removed – the first fractal order (Figure 

2.1 (b)). The same procedure is then recursively applied to the remaining 8 squares, in 

principle ad infinitum. The result of the first four iterations – the third fractal order – is 

shown in Figure 2.1 (c). A very important characteristic of this process is that, at any 

iteration, new length scales are added to the resulting figure: the length scale of the 

original square is only  , while at any of the  -th order the length scale      is also 

added. 

 

2.1.2 Fractals in plasmonics: state of the art 

 

Prior to the work presented in this thesis, studies of fractal geometries in plasmonics 

have mainly focused on self-organized metal clusters, while the design of engineered 

plasmonic fractal geometries still remains a largely unexplored territory that has just 

started to show its real potential. On the one hand, the optical properties of fractal self-

organized metal clusters similar to the cluster shown in Figure 2.2 (a), in terms of 

spectral broadening, light confinement, and enhancement on the nanometer scale, have 

been studied in detail both theoretically [Shalaev & Stockman (1998); Shalaev (2002)] 

and experimentally [Tsai et al. (1994); Bozhevolnyi et al. (1998)]. Recently, for 

example, it has been shown how the statistical distribution of the local density of optical 
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states on disordered semi-continuous metal films exhibits a maximum in a regime 

where fractal clusters dominate the film surface [Krachmalnicoff et al. (2010)]. Because 

of the same random nature of the cluster formation process, however, these previous 

approaches suffer from poor control over the accurate positioning of the fractal 

nanostructures as well as over their fractal degree of complexity. 

 

 
 

Figure 2.2: Examples of fractal geometries in optics. (a) A SEM micrograph of a cluster 

of silver nanoparticles (the white scale bar represents 1 µm): the optical properties of 

similar random aggregation of metal nanoparticles, in terms of spectral broadening, 

light confinement, and field enhancement on the nanoscale, have been studied in details 

both theoretically and experimentally. (b) H-shaped metal patterns periodically milled 

in a metal film: in the microwave, mid- and far-infrared regime, metallic metamaterials, 

obtained by cutting fractal slits into metal films, have been able to rescale the concepts 

behind radiofrequency fractal antennas down to shorter wavelengths. Pictures 

respectively adapted from [Bozhevolnyi et al. (1998)] and [Huang et al. (2010)]. 

 

On the other hand, a few other studies have employed engineered metallic materials 

mainly to rescale the concepts behind radiofrequency fractal antennas down to shorter 

wavelengths [Werner & Ganguly (2003)]. In the microwave, mid- and far-infrared 

regime, metallic metamaterials, obtained by milling fractal slits into metal films, have 

shown to resonate at multiple self-similar wavelengths [Zhou et al. (2002); Wen et al. 

(2003); Bao et al. (2007)] or to be able of confining waves below the limit of diffraction 

[Miyamaru et al. (2008); Huang et al. (2010)]. In the visible, nonlinear light 

propagation has also been demonstrated in fractal waveguide arrays [Jia & Fleischer 

(2010)].  

 

2.2 Optical Properties of a Sierpinski Nanocarpet 

 
The combination between plasmonics and engineered fractal geometries has far-

reaching properties that go beyond rescaling the concepts behind RF fractal antennas 
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down to shorter wavelengths, such as the possibility of supporting multiple resonances 

[Bao et al. (2007)].  

In the following section, by numerically studying a specific plasmonic nanostructure 

based on the fractal geometry known as the Sierpinski carpet, examples of such a 

potential are presented. In particular, some of the structure’s interesting emerging 

features at visible wavelengths, namely its broad spectral response and subdiffraction 

focusing, are highlighted. These properties are mainly due to an accurate control of the 

degree of the structure’s fractal complexity. The application of the subdiffraction focus 

to optical manipulation is also briefly discussed.  

The simulations were performed using the Green dyadic method [Appendix A]. In 

its discretized form, this formalism allows us to calculate the electric field scattered by a 

nanoparticle upon a given illumination at any position in space, both as a near-field 

intensity distribution and as a far-field scattering spectrum. All the calculated spectra 

are normalized to the volume of the gold of the structure under study, so that they are on 

a comparable scale.  

Ideally the self-similarity of the plasmonic structure should be iterated ad infinitum; 

practically, however, here it was stopped at the third fractal order because of 

computational limits in the allocated computer memory. Moreover, the minimum 

characteristic lengths of the fractal were limited to the minimum feature size feasible 

with state-of-the-art fabrication techniques, i.e. about 20 nm for the minimum structure 

size and a few nanometers for the gaps between adjacent structures [Appendix B].  

 

2.2.1 Broadband spectral response 

 

As shown in Figure 2.3, the proposed Sierpinski carpet-like geometry features a 

broadband far-field spectrum, which may prove useful to enhance the coupling to a 

broadband light source, for solar cell applications for example [Atwater & Polman 

(2010)].  

In order to construct the Sierpinski nanocarpet, we can follow a bottom-up 

approach, starting with a              gold pad as basic element (pink structure in 

Figure 2.3 (a)) lying on a glass substrate (      is taken from [Palik (1985)],        

     and        ). Its resonance upon plane-wave illumination with linear polarization 

along the  -axis is centered at        with       full width at half maximum 

(FWHM) (pink curve in Figure 2.3 (b)).  

The first fractal order can be obtained arranging eight of these nanopads on a square 

frame grid leaving a separation of      between them (red structure in Figure 2.3 (a)). 

It is resonant at        with       FWHM (red curve in Figure 2.3 (b)). Even though 

the FWHM slightly decreases, the red-shift of the central resonance wavelength is 

indicative of a strong near-field coupling of the nanopads forming the first fractal level.  

The second fractal level is composed by a frame of the first-order fractals separated 

by       gap (blue structure in Figure 2.3 (a)). It resonates at        with        

FWHM (blue curve in Figure 2.3 (b)).  
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Finally, the third fractal level is built applying the same rule to the second-order 

fractals separated this time by       gap (black structure in Figure 2.3 (a)). Its 

resonance is centered at        with        FWHM (black curve in Figure 2.3 (b)), 

thus overlapping the solar radiation reaching the surface of the Earth [Atwater & 

Polman (2010)].  

 
Figure 2.3: Broadening of the resonance in a plasmonic Sierpinski nanocarpet. (a) First 

three fractal orders of the nanostructure, respectively in red, blue and black, and (b) 

relative far-field scattering spectra upon plane-wave excitation polarized along the x-

axis. In pink, far-field spectrum of the basic building block of the fractal, a 

             gold pad. For every spectrum, its FWHM is represented by the area of 

the same color. All the spectra are in a logarithmic scale and normalized to the volume 

of the gold of the respective substructures. 

 

For better comparison, the numerical values for the peak resonant wavelength and 

the FWHM of the different fractal orders are also reported in Table 2.1. Interestingly, 

while increasing the fractal complexity of the structure, the central wavelength of the 

resonance tends to red-shift. This is true at least up to the second fractal order, whose 

overall size is still comparable with the wavelength of light, thus allowing the near-field 

coupling of all the elements forming the different fractal levels.  

 

Fractal Order Zeroth First Second Third 

Peak Wavelength                             

FWHM                           

 

Table 2.1: Spectral properties of the plasmonic Sierpinski nanocarpet as a function of its 

fractal order. Numerical values of the peak resonant wavelength and the FWHM of the 

spectra associated to the zeroth, first, second, and third fractal order of the Sierpinski 
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nanocarpet (cf. Figure 2.3): while increasing the complexity of the fractal structure, the 

wavelength of the resonance tends to red-shift and the spectrum to broaden. 

 

Finally, as for standard plasmonic nanostructures, the spectral properties of the 

Sierpinski nanocarpet can also be tuned as a function of the size of its fundamental 

building block. Table 2.2, for examples, reports the peak resonant wavelength and the 

FWHM for the zeroth, first, and second fractal order of a Sierpinski nanocarpet based 

on three different size of its fundamental building block: on the one hand, keeping this 

size constant, the peak wavelength of the resonance tends to red-shift and the spectrum 

to broaden, while increasing the complexity of the fractal structure; on the other hand, 

keeping the fractal order constant, the peak wavelength tends to red-shift when 

increasing the size of the fundamental building block. 

  

                    

                Size 

   Order   
                                       

Zeroth 

                              

                                    

First 

                              

                                     

Second 

                              

                                      

 

Table 2.2: Spectral tunability of the plasmonic Sierpinski nanocarpet. For a constant 

size of the fundamental building block, the peak wavelength of the resonance tends to 

red-shift and the spectrum to broaden, while increasing the complexity of the fractal 

structure; for a constant fractal order instead, the peak wavelength tends to red-shift, 

when increasing the size of the fundamental building block. 

 

2.2.2 Subdiffraction focusing 

 

Beyond broadband operation, the Sierpinski nanocarpet is also capable of focusing 

light beyond the diffraction limit, as shown in Figure 2.4, and might, therefore, prove 

beneficial for applications that require a tight light spot, such as subdiffraction imaging. 

Alternatively, subdiffraction focusing can be achieved by employing left-handed 

metamaterials [Grbic & Eleftheriades (2004)]; however, such technologies are still 

challenging at optical frequencies because of the diminished magnetic permeability of 

metals in this regime of frequencies [Fang et al. (2005)].  
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Figure 2.4 (a) shows the intensity of the electric near-field associated to the second 

fractal level of the structure of Figure 2.3 (a) (in blue) illuminated at its resonance, 

namely          . The evanescent waves induced by the gold nanopads interfere 

constructively at the center of the fractal and induce a subdiffraction focus, whose size 

is about    ; for comparison, the focus of a Gaussian beam (NA = 1.25,          ) 

is plotted in Figure 2.4 (b) [Leutenegger et al. (2006)].  

 

 
 

Figure 2.4: Subdiffraction focusing by a plasmonic Sierpinski nanocarpet. (a) 

Normalized intensity of the electric near-field generated by the second fractal level of 

the Sierpinski nanocarpet (blue structure in Figure 2.3 (a)) upon plane-wave 

illumination at       . (b) Intensity at the focus of a Gaussian beam (       ,   

        ). (c) Normalized intensity in a gap antenna geometry with the same 

separation as the open region in the fractal geometry. (d-e) Normalized intensities of 

the electric near-field of two symmetric non-fractal nanostructures obtained by 

removing elements from the structure in (a). The intensities presented in (a), (c), (d) and 
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(e) are normalized to the intensity of the incident field (enhancement factor). The 

intensity presented in (b) is given in arbitrary units on a different color scale.  The white 

scale bar represents        and is in the direction of the polarization of the incident 

field. 

 

Various plasmonic nanostructures have been employed to concentrate light into a 

subdiffraction spot, such as gap antennas [Mühlschlegel et al. (2005); Ghenuche et al. 

(2008)] or bow-tie nanoantennas [Schuck et al. (2005)]; however, such spot 

systematically lies in very close proximity to the metal. Interestingly, in the case of the 

Sierpinski nanocarpet the center of the focus is        away from the metal surface 

and, due to the symmetry of the nanostructure, this result is nearly independent from the 

polarization of the incident plane wave. This provides an open region accessible to 

objects for enhanced light-matter interaction, which is not available in existing standard 

geometries. For example, gap antennas can focus light in the gap area between their two 

arms below the limit of diffraction [Mühlschlegel et al. (2005); Ghenuche et al. (2008)], 

but, if the two arms are separated by the same distance of the fractal case (      ), 

there is no significant interaction between the two arms and consequently no hot spot is 

observed (Figure 2.4 (c)). Moreover, the formation of the hot spot in the gap is limited 

only to an incident illumination polarized along the longitudinal axis of the gap antenna. 

The superfocusing properties of the plasmonic Sierpinski nanocarpet can be 

attributed to the fractal nature of the interference more than to the symmetry of the 

system: the evanescent waves generated at the metal surface constructively interfere at 

the center of the nanostructure, thus forming a focus. As counter tests, in Figure 2.4 (d) 

and (e), two different cases of symmetric non-fractal structures, obtained by removing 

elements from the Sierpinski carpet are presented. In both these cases, in fact, no high-

intensity spot is formed at the center of the structure, far from the metal. In all these 

structures, however, because of the evanescent nature of the electric near-field, the 

highest field intensity is always at the metal surface. In the case of the plasmonic 

Sierpinski nanocarpet, this fact also determines the relatively poor value (3.65)  of the 

enhancement factor obtained at the central focus, especially when compared to other 

geometries such as gap antennas [Ghenuche et al. (2008)]. 

 

2.2.3 Optical trapping potential 

 

One possible use of the superfocusing properties of the Sierpinski nanocarpet is in 

optical trapping near surfaces. Even though optical forces arising from surface plasmons 

and plasmonic optical manipulation have already been demonstrated [Volpe et al. 

(2006); Righini et al. (2007); Righini et al. (2008)], some limitations arise because the 

trapping spots, which are near the maxima of the electromagnetic field intensity, are 

typically at the surface and in the proximity of the metallic nanostructures. However, it 

would be beneficial for many applications, such as single emitter manipulation, to have 

a subwavelength focus moved away from the surface and relatively far from the 

metallic nanostructures.  
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The focus produced by the plasmonic Sierpinski carpet (Figure 2.4 (a)) has these 

desirable features. The resulting optical forces [38] are shown in Figure 2.5 (a) for an 

incident power on the structure of           and a particle of       (          

   ), which is notoriously difficult to trap with such low power. The equilibrium 

position of the force field is        above the dielectric surface of the substrate. The 

resulting optical potential well (black line in Figure 2.5 (b)) is several times deeper than 

the thermal energy    , allowing for a stable trapping. Also the potentials 

corresponding to a       (red) and a       (blue) are deep enough to allow at least a 

metastable trapping. 

 
 

Figure 2.5: Trapping forces in the subwavelength focus at the center of the Sierpinski 

nanocarpet (see Figure 2.4 (a)). (a) 3D distribution of the force field and (b) trapping 

potential for particles (             ) of different radii  . 
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Optical antennas, acting as converters between propagating and localized fields, 

provide an effective route to couple photons in and out of nanoscale objects. As seen in 

Section 1.2.4, these antennas, that operate in the visible regime, are the counterparts of 

conventional radio- and micro-wave antennas [Balanis (2005); Bharadwaj et al. (2009); 

Novotny & van Hulst (2011)].  

 A characteristic of antennas is their directed emission and reception. So far, in the 

optical regime, the control of directionality has mainly been pursued by photonic crystal 

structures [Kramper et al. (2004)] and surface-plasmon–based devices [Lezec et al. 

(2002); López-Tejeira et al. (2007); Yu et al. (2008)]. However, for such structures 

approaching the nanometer scale, diffraction can limit the collimated beaming of light. 

On the other hand, the interaction of quantum emitters with light is best enhanced with 

micro-cavities [Pelton et al. (2002); Badolato et al. (2005)]. Compared with these 

approaches, plasmonic nanoantennas offer a much smaller footprint in an open 

geometry combining strong subwavelength fields and increased transition rates, 

together with the prospect of directionality. Earlier work observed variations in the 

angular emission of molecules by the presence of metallic objects in their near field 

[Gersen et al. (2000); Taminiau et al. (2008): Kühn et al. (2008)]. From experience at 

radio and microwave frequencies, it is known that highly directed beams are commonly 

obtained with Yagi-Uda antennas [Yagi (1928)]. In the optical regime, directional far-

field scattering of a polarized laser beam from an array of Yagi-Uda antennas has been 

recently presented [Kosako et al. (2010)]. Complete control of the direction of light 

emission from a single quantum emitter using an optical Yagi-Uda antenna has been 

theoretically proposed [Hofmann et al. (2007); Li et al. (2007); Taminiau et al. (2008)]. 

This chapter reports the realization and observation of unidirectional nanoscale 

photon sources by coupling single-quantum systems to a Yagi-Uda design [Curto et al. 

(2010)]. The realization of such a source requires the precise near-field coupling of an 

emitter to a nanoscale antenna that is tuned to the emitter’s emission spectrum. Within 

this framework, a novel fabrication protocol was, therefore, developed in order to place 

a quantum dot at the resonant feed element of a nanofabricated Yagi-Uda antenna. The 

surface chemistry protocol was developed with the help of Mark P. Kreuzer, while the 

presented numerical simulations and optical experiments were respectively carried out 

by Tim H. Taminiau and Alberto G. Curto in the group of Niek F. van Hulst at ICFO. 

 

3.1 Nanofabrication Process 

 
Feeding energy into an optical antenna is a task that can be accomplished from the 

far-field or, like in this work, from the near-field by coupling to a local optical emitter, 

such as a quantum dot. This second option allows one to excite the nanostructure at a 

designated position rather than driving the whole antenna simultaneously. In order to 

obtain a strong near-field coupling of the quantum dot to the antenna mode, it is critical 

to accurately place the emitter at a position of high electromagnetic mode density – that 

is, for a Yagi-Uda antenna, at the extremities of the feed element, being the latter a 

dipole antenna. Positioning a single emitter with respect to a nanostructure with a few 
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tens of nanometers of accuracy, however, constitutes a formidable nanotechnology 

challenge. 

With this goal in mind, this section introduces a novel nanofabrication protocol for 

the accurate positioning of semiconductor quantum dots on gold nanoantennas by 

means of a two-step electron beam lithography process combined with surface 

chemistry: the first lithography step defines the antenna structures on a glass substrate, 

while the second step sets the boundaries for the formation of a self-assembled 

monolayer of intermediate linkers exclusively on the exposed areas; core-shell quantum 

dots are finally immobilized on these functionalized areas. 

Previous approaches to similar positioning problems were mainly relying on spin-

casting quantum dots solutions over the nanostructures of interest [Falk et al. (2009)]. 

Only a few approaches tried to achieve a more deterministic protocol, for example, by 

exploiting optical tweezers [Jauffred et al. (2008)] or more sophisticated forms of 

feedback control [Ropp et al. (2010)]. 

 

3.1.1 Design of an optical Yagi-Uda antenna 

 

A Yagi-Uda antenna consists of an actively driven dipole (   ) feed element 

surrounded by a set of parasitic elements acting as reflectors and directors. The 

reflectors and directors are detuned in length with respect to the dipolar resonance of the 

feed, and the spacing between elements is chosen so that a traveling wave pointing 

toward the directors is created [Yagi (1928)]. Figure 3.1 (a) illustrates the typical 

geometry of a radiofrequency Yagi-Uda antenna: a high directivity can be obtained with 

distances of about          between the feed and the reflector and about         

between the feed and the director and between the directors [Balanis (2005)]. 

Rescaling this design down to optical frequencies raises some challenges mainly 

because, in this frequency range, metals behave as strongly coupled plasma rather than 

as perfect conductors [Section 1.2.4]. Numerical simulations were, therefore used to 

design five-element gold Yagi-Uda antennas for operation wavelengths of        . 

Further detail about the simulations can be found in [Taminiau et al. (2008); Curto et al. 

(2011)]. As explained in Appendix C, the nanofabrication of the antennas was then 

performed by e-beam lithography on PPMA followed by thin-film deposition (      of 

gold) and lift-off. An optimal fabricated antenna is shown in Figure 3.1 (b) with feed 

length          , spacing           between reflector and feed, and spacing 

          between directors. The total length is       , which is approximately 

one emission wavelength. The complete set of parameters (YU145) is reported in Table 

3.1 together with the design parameters of other, slightly detuned, optical Yagi-Uda 

antennas.   

 

 YU110 YU125 YU145 YU160 
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Table 3.1: Parameters sets of nanofabricated optical Yagi-Uda antennas as measured by 

Scanning Electron Microscopy.   is the length of the feed element,    the length of the 

three directors,    the length of the reflector,   the width of the elements,    the 

separation between the centers of the reflector and the feed,    the separation between 

the centers of the feed element and the first director, and the spacing between directors. 

The thickness of the elements is       for all antennas.        is the total length of the 

Yai-Uda antenna. 
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Figure 3.1: An optical Yagi-Uda antenna. (a) Typical geometry of a five-element 

radiofrequency Yagi-Uda antenna. (b) SEM image of nanofabricated five-element Yagi-

Uda antenna consisting of a feed element, one reflector, and three directors (YU145 in 

Table 3.1). The white scale bar corresponds to       . 

 

3.1.1 Positioning of single emitters on nanoantennas 

 

The next steps of the fabrication process aim to precisely place single quantum dots 

at one end of the feed element of the Yagi-Uda antennas, where coupling to the antenna 

mode is most efficient. In order to achieve this goal, the developed protocol involves a 

second lithography step, together with a selective chemical functionalization of 

predefined areas. This process is schematically represented in Figure 3.2 (a-f), and it is 

described hereafter. 

The used emitters are core-shell (CdSeTe/ZnS) quantum dots with a polymer 

coating (Invitrogen, Qdot 800 ITK). They are around       in size, and are 

functionalized with amine-polyethylene glycol (amine-PEG) which can be used as a 

chemical linker (amine group (    )). Their emission wavelength is centered at 

       with a quite broad absorption spectrum below       . They are commercially 

prepared in a      solution, but they need to be further diluted to one part in eighty 

with phosphate buffered saline (PBS): this is a suitable enough concentration to avoid 

clusterization and to guarantee the formation of a homogeneous monolayer of quantum 

dots on gold.   

Before chemically functionalizing the antennas, a 30-nm-thick PMMA layer is spin-

coated over the substrate to serve as a positive resist also for the second lithography 

step. While the first lithography defines the antenna structures on the substrate, the 

second lithography sets the boundaries for the formation of a self-assembled monolayer 

of mercapto-undecanoic acid (MUA) exclusively in the predefined PMMA gaps: on one 

side, these molecules end with a thiol group (   ) offering a selective binding site to 

the gold nanoantennas; on the opposite side, however, the molecules end with a 

carboxylic group (     ), thus offering a free binding site for the complementary 

amine groups of the quantum dots (Figure 3.2 (g)) [Love et al. (2005)]. 

After activation with Ethyl-3-(3-dimethylaminipropynol)-carbodiimide (EDC), 

quantum dots are covalently bound to the MUA functionalized region, and the 

remaining resist with the unselectively bound quantum dots is removed by a standard 

lift-off protocol in acetone.  

Because of the MUA layer and the polymer coating of the quantum dots, the 

estimated distance between the outer surface of the quantum dot shell and the metal is 

around     , sufficient to avoid luminescence quenching and to provide efficient 

coupling to the underlying antenna.  

Of course, for this protocol to work, a critical step is the accurate alignment, within 

a few nanometers, between the first and the second lithography: for this purpose, three 

gold alignment marks (size          ) are fabricated around the nanoantennas during 

the first lithography step (Figure 3.2 (a)). Figure 3.2 (h), for example, shows the 
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accuracy in the positioning of a 50-nm titanium dot at different locations with respect to 

a gold nanorod. 

Finally, by controlling the size of the PMMA gaps of the second exposure, the 

number of single emitters deposited inside can also be tuned down to individual 

quantum dots.  

 

 
 

Figure 3.2: Schematic of the quantum dot nanopositioning protocol. (a) The first 

lithography step defines the gold nanostructures and the alignment marks around them; 

(b) a 30-nm-thick film of PMMA is spin-coated over the sample; (c) the resist is then 

patterned by exposure to an electron beam and developed; (d) a self-assembled 

monolayer of MUA is formed on gold; (e) quantum dots are covalently bound to the 

MUA functionalized areas; (f) the remaining resist with the unselectively bound 

quantum dots is removed by a standard lift-off in acetone. (g) Chemical 

functionalization of the gold surface: the MUA layer offers selective binding sites both 

to gold and the polymer-coated quantum dots. (h) A 50-nm titanium dot (second 

lithography) is moved along a nanorod (first lithography) with 15-nm steps. The black 

scale bar represents       .  
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3.2 Optical Characterization 

 
Having fabricated the sample as described in the previous section, the emission of 

the quantum dots on the nanoantennas was then characterized with a confocal 

microscope with three dedicated detection branches: for luminescence imaging in direct 

space, angular detection, and spectroscopy, respectively.  

The use of a high–numerical aperture (NA) oil immersion objective (Zeiss, α Plan-

Apochromat 100x/1.46 NA) is essential for the angular detection. The sample is excited 

by a circularly polarized He-Ne laser beam (        ) with a power on the order of 

some microwatts after reflection on a dichroic mirror (Semrock, 665LP). The laser is 

focused to address a single antenna at a time. The resulting luminescence is further 

separated from the excitation wavelength with a long-pass filter (Omega, 690 LP). For 

confocal detection, the use of a polarizing beam-splitter and two detection channels (   

and   ) with avalanche photodiodes (Perkin Elmer, SPCM-AQR-14 and 16) allows one 

to determine polarization anisotropies.  

For the detection of the angular emission, an electron-multiplying charge-coupled 

device (EMCCD) camera (Andor, iXon
EM

+ 897) was used to record images of the 

intensity distribution on the back focal plane of the high-NA objective – conoscopy 

[Lieb et al. (2004)]. These Fourier-space images (momentum space) contain the 

directions of emission toward the substrate. The angular radiation patter is related to the 

intensity and coordinates of the back-focal plane of the objective by the following 

relation (Figure 3.3 (a)): 

 

                                                                          

 

where the cosine factor is an apodization factor,                   and    

              , being   the radius in pixels of a given point in the image of the back 

focal plane and   a calibration constant related to the magnification of the imaging 

system that can be obtained by fitting to the diffraction orders of calibration diffraction 

gratings. 

A different detection branch was used to image the luminescence of the quantum 

dots in direct space: all presented confocal luminescence images are color-coded (red-

yellow-green) for the degree of linear polarization DOLP 

 

                                                                      

 

with red being linear polarization parallel to the feed longitudinal axis. All antenna-

emitter systems in Figure 3.3 (b) show red (linearly polarized), confirming that the 

quantum dot drives the linear dipole of the feed element [Taminiau et al. (2008); Shegai 

et al. (2008)]. The emission arises from quantum emitters as discrete blinking events 

interrupt the signal during raster-scanning of the sample. This blinking is better seen in 

the luminescence time trace displayed in Figure 3.3 (c), in which clear on and off states 
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can be identified, which is characteristic of a single emitter. These time traces point out 

that single quantum dots occur frequently, whereas the typical number of quantum dots 

observed is one, two, or three – a number that can be controlled by both the size of the 

functionalized area and the concentration of the deposited solution of quantum dots.  

 

 
 

Figure 3.3: Detection of optical Yagi-Uda antennas driven by quantum dots. (a) 

Radiation pattern of a dipole close to a dielectric interface and explanation of 

conoscopy highlighting the critical and numerical aperture angles. (b) Comparison of 

SEM and scanning confocal luminescence microscopy images of three antennas driven 

by quantum dots. The image is color-coded for degree of linear polarization. The scale 

bar represents       . (c) Intensity time trace of luminescence in both polarization 

channels for one of the antennas in (b), showing blinking of a single quantum dot.  
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3.2.1 Comparison with non-unidirectional antennas 

 

To gain direct insight into the changes in the quantum dot emission upon coupling to 

the antenna, three types of nanostructures are compared (Figure 3.4 (a) and (b)): small 

60-nm gold squares,     dipole antennas, and the Yagi-Uda antennas. The small, off-

resonant squares were taken as a reference for quantum dots on metal; the dipole 

antennas are essentially the feed element of a Yagi-Uda antenna. In the reference case, 

the polarization of the luminescence varies, with a DOLP ranging from       to     

(Figure 3.4 (a), first column) because the quantum dots have different orientations and 

the gold squares induce no preferential direction. The corresponding emission pattern is 

shown in Figure 3.4 (b). The momentum space images contain two distinct circles in the 

polar angle  : the outer circle is the maximum collection angle of our objective 

(         ), whereas the inner circle is the critical angle for the glass-air interface 

(        ). A dipole close to an interface emits primarily into the high-index medium, 

with sharply peaked maxima at the critical angle (Figure 3.3 (a)). Moreover, the 

quantum dots used here exhibit a degenerate transition dipole moment contained on a 

bright plane [Koberling et al. (2003); Brokmann et al. (2005)]. As a result, the radiation 

pattern of one of these quantum dots is nearly isotropic in the azimuthal angle  . 

When coupled to a     dipole resonant nanoantenna (Figure 3.4, second column), 

the picture changes dramatically: the quantum dot luminescence turns into a clear linear 

polarization parallel to the long axis of the antenna (        ), and the radiation 

pattern transforms to that of a linear dipole close to an interface [Lieb et al. (2004)]. 

These are two clear signatures of the near-field coupling [Taminiau et al. (2008)]. The 

emission of the quantum dot becomes fully determined by the antenna mode, both in 

polarization and direction, despite the degeneracy of the quantum dot dipole moment. 

Finally, if the quantum dot is positioned at one end of the     feed element of Yagi-

Uda antennas (Figure 3.4, third column), the luminescence remains strongly linearly 

polarized (        ), but the radiation pattern now shows a single lobe, 

demonstrating the unidirectional emission of a quantum dot due to coupling to an 

optical antenna.  

The directional performance can be quantified by a front-to-back ratio (   ), 

defined as the intensity ratio between the point with maximum emitted power and the 

point diametrically opposite in the radiation pattern. The     value is essentially      

for the reference squares and the dipole antennas, as expected for symmetrical 

structures. For the Yagi-Uda antenna in Figure 3.4 (b),     is     . The directed 

emission is centered at        , with a beam half width at half maximum of       in 

  and     in  . The experimental angular radiation pattern can be calculated from the 

Fourier-plane image according to Equation (3.1) and agrees well with the theoretical 

prediction (Figure 3.4 (c)). The simulations quantify that as much as       of the 

quantum dot emission is directed into the high-index glass substrate. The emission is 

thus truly unidirectional, unlike configurations with a low-index contrast interface, 

which results in two separate emission lobes [Kosako et al. (2010)]. The total brightness 

of the quantum dots coupled to Yagi-Uda antennas is comparable with that of dipole 
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antennas. This observation is in agreement with previous calculations and theoretical 

predictions [Taminiau et al. (2008)], which show that adding the parasitic antenna 

elements does not strongly reduce the antenna radiation efficiency (only a     to     

reduction). The Yagi-Uda antenna redirects the emission instead of suppressing one half 

of the radiation. Because of excitation enhancement, the number of counts detected 

from both types of antennas is much higher than for a quantum dot on glass without 

coupling to an antenna. 

 

 
 

Figure 3.4: Unidirectional emission of a quantum dot coupled to an optical Yagi-Uda 

antenna. (a) Scanning confocal luminescence images of quantum dots on reference 60-

nm gold squares (Ref), half-wave dipole antennas (   ), and Yagi-Uda antennas (YU), 

respectively. Different colors show variations in the degree of linear polarization. YU 

corresponds to antennas with the parameters set YU145 in Table 3.1. The schematics in 

the insets are not to scale. The white scale bar represents     . (b) Radiation pattern 

(intensity distribution at the back focal plane of the objective) from an individual 

structure in (a). Critical (  ) and numerical aperture (   ) angles are indicated. For 
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YU, an 830-nm long-pass filter was used. (c) Angular radiation patter in the polar 

angle ( ) for the experimental Yagi-Uda antenna (black), which is in good agreement 

with the theoretical prediction (red).  
 

The presented antenna, therefore, transforms the non-directional quantum dot 

luminescence into a directed light source that can be efficiently collected, simply with a 

low NA. Further optimization of the many Yagi-Uda design parameters, including the 

addition of more director elements, might sharpen up the unidirectional cone and tune 

the central emission angle. The operation bandwidth can be increased by the use of a 

log-periodic design [Balanis (2005)]. By reciprocity, the antennas should work both in 

emission and absorption. The near-field coupling to the antenna plasmon resonance 

enhances radiative transition rates, increasing the emission efficiency. All this control 

over photon emission is obtained from an antenna that is only a single wavelength long. 

Unidirectional optical antennas thus provide a route to effectively communicate light to, 

from, and between nano-emitters, for example in directed, bright single-photon sources 

for quantum optical technologies, planar biochemical sensors, and light-harvesting and 

emission devices. 

 

3.2.2 Tuning of optical Yagi-Uda antennas 

 

Any Yagi-Uda antenna is designed to operate at a certain frequency and bandwidth. 

To assess the frequency dependence of the directionality, Yagi-Uda antennas tuned to 

four different resonant frequencies were fabricated (Figure 3.5 (a)), identified with their 

feed element lengths   :     to        (a complete parameter set can be found in 

Table 3.1). Increasing the antenna length creates a red-shift of the resonance. The 

shortest antennas (YU110 and YU125) emit clearly unidirectionally. These antennas are 

tuned close to the quantum dot emission, and their bandwidth contains the complete 

luminescence spectrum. These observations are in agreement with a calculated 

bandwidth of        for end-fire operation, defined as         . On the other 

hand, for longer antennas (YU145 and YU160) the antenna resonance is more detuned 

from the quantum dot emission, and directivity is hindered by short-wavelength 

components of the spectrum. This spectral dependence does also occur for radio 

frequency Yagi-Uda antennas [Takla & Shen (1977)] and was in fact predicted for the 

optical regime [Hofmann et al. (2007); Koenderink et al. (2009)]. 

To corroborate the analysis above, the dependence of the directionality on the 

wavelength of the emitted photons for a given antenna was also evaluated, YU145 

(Figure 3.5 (b) and (c)). This antenna was red-detuned from the quantum dot emission. 

As a result, the quantum dot emission spectrum was modified by the near-field coupling 

to the antenna (Figure 3.5 (c)) [Ringler et al. (2008)]. The emission spectrum of an 

individual quantum dot coupled to a YU145 antenna was divided in three parts by using 

three different filters. Although hardly any directed emission was observed for the 

complete spectrum (Figure 3.5 (a)), a high directivity was recovered when only the 

long-wavelength part of the spectrum was selected (Figure 3.5 (b)). For short 
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wavelengths – below a cut-off value –the emission was even reversed, with the main 

lobe pointing backward. Similar behavior was observed for the longer antenna YU160, 

with all characteristic wavelengths shifted to longer wavelengths. The numerically 

calculated back-focal-plane images agree well with the experimental results (Figure 3.5 

(b)). The maximum experimental     values tend to be lower than the theoretical 

values because part of the signal stems from autoluminescence of the gold nanoparticles 

and a fraction of the quantum dot emission is not coupled to the antenna, both of which 

contribute to a minor isotropic background. Thus, by tuning the antenna or selecting 

certain emission bands the frequency dependence of the directivity of an optical Yagi-

Uda antenna is proved. 

 

 
 

Figure 3.5: Tuning of optical Yagi-Uda antennas. (a) Radiation patters in the back focal 

plane of the objective for four different individual Yagi-Uda antennas of increasing 

overall size, characterized by the length of the feed element lengths    from     to 

      . The full emission spectrum is recorded. (b) Angular radiation patterns for 

different spectral detection windows for the YU145 shown in (a). Theory and experiment 

are compared. The front-to-back ration in decibels is indicated for each pattern. (c) 

Luminescence spectra of quantum dots coupled to the reference and YU145. 
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Chapter 4 
Influence of Spatial Phase Shaping 

on Nanoantennas 
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As seen in the previous two chapters, tailoring the shape and the dimensions of 

metal nanoparticles is a fundamental ingredient in order to tune plasmonic resonances 

and to control light fields on the nanoscale: plasmonic nanostructures, in particular, 

have been designed to confine light in truly subwavelength volumes opening new 

opportunities to enhance the interaction of light with small quantities of matter down to 

the molecular level [Section 1.3]. 

Beyond confining light at fixed locations, imposed by the structure geometry, there 

is, however, a need for dynamic spatial control of such hot-spots, for instance in order 

to selectively address optically different nearby nano-objects.  

Section 1.4 reviewed several strategies borrowed from the field of coherent control 

that have recently been suggested to reach this goal: a first approach relies on 

temporally shaping the phase and amplitude of an ultra-short laser pulse illuminating 

the nanostructures [Stockman et al. (2002); Aeschlimann et al. (2007)]; control of the 

local optical response of a metal surface was also achieved by adjusting the temporal 

phase between two unshaped ultra-short pulses [Kubo et al. (2005)];  alternatively, the 

idea of time reversal has also been proposed lately [Li & Stockman (2008)].  

This chapter proposes a novel approach, based on continuous light flows, that aims 

at achieving a deterministic control of plasmonic fields by using the spatial polarization 

inhomogeneities of high order beams, such as Hermite-Gaussian and Laguerre-Gaussian 

beams [Appendix C]. A prior study showed that azimuthally and radially polarized 

beams with different polarization singularities are transmitted through subwavelength 

apertures in metal film with different efficiencies [Kindler et al. (2007)]. Here, instead, 

the spatial phase shaping of the illumination field provides, in fact, an additional degree 

of freedom to drive nano-optical antennas and consequently control their near-field 

response. Furthermore, the potential of this approach to deterministically confine light 

at specific locations of a more complex metallic nanostructure is also demonstrated.  

 

4.1 Gap Antennas: A Case Study 

 
A coupled antenna, formed by two adjacent gold nanowires separated by a tiny air 

nanogap, is a good first test structure to demonstrate the concept proposed above. It is 

now well-known that driving the overall antenna with a field linearly polarized across 

the gap leads to a strong gradient of surface charges responsible for a dramatic 

enhancement of the field within the gap region (Figure 1.6). This study, however, 

focuses on a configuration where the polarization of the incident field is not constant 

over the whole antenna extension. In particular, the overall near-field response of the 

antenna is expected to be dramatically changed when driving out of phase each of the 

constitutive bars forming the structure.  

Such illumination conditions, in particular, can be provided by higher-order light 

fields, such as Hermite-Gaussian or Laguerre-Gaussian beams [Appendix C]. These two 

families of optical fields form two different bases which can independently describe any 

paraxial beam [Siegman (1986)]. The Hermite-Gaussian functions are separable on the 

transverse Cartesian coordinates      ; they are labeled with two natural non-negative 
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integer indices,          , corresponding to the number of  -phase jumps along the   

and   direction, respectively [Appendix C.1]. The Laguerre-Gaussian modes have a 

cylindrical geometry and are also described with two discrete indices,          . In 

this case, the non-negative integer index   corresponds to the intensity nodes of the 

functions along the radial direction (with    ). The index   can take negative values 

and is proportional to the orbital angular momentum of the mode in the direction of 

propagation [Appendix C.2]. These two sets of modes can be directly linked with the 

non-paraxial multipole solutions of the Maxwell equations [Molina-Terriza (2008)]. In 

practice, any Hermite-Gaussian or Laguerre-Gaussian beam can be generated from a 

Gaussian beam by either using patterned phase masks or a spatial light modulator 

(SLM).  

 

4.1.1 The hybridization model  

 

The longitudinal resonance of a gap antenna can be understood in terms of 

hybridization of the longitudinal resonances of each of the individual antennas, resulting 

from the coupling over the narrow separation gap [Prodan et al. (2003); Nordlander et 

al. (2004)].  

 

 
 

Figure 4.1: Energy splitting of the modes of a coupled gap antenna. Energy-level 

diagram and simulated near-field intensity spectra of symmetric linear gold gap 
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antennas formed by                arms with a 30-nm (red) and a 50-nm (blue) 

gap, as well as single rods with the  same dimensions (black). The spectra of the 

bonding modes (dashed curves, red and blue) are obtained under plane wave 

illumination of the antenna, while the spectra of the antibonding modes (solid curves, 

red and blue) are obtained by driving each of the antenna arms out of phase with two 

independent plane-waves. All spectra are calculated      away from the antenna ends.  

 

According to this model, the coupling between nanorods causes a mode splitting 

into a lower-energy bonding mode and a higher-energy antibonding mode, respectively. 

The simulated near-field spectral intensities in Figure 4.1 show this energy splitting for 

the      mode of a                gold nanorod (black continuous curve) lying on 

a glass substrate (      is taken from [Palik (1985)],             and        ): 

driving the coupled antenna with a plane-wave linearly polarized across the gap induces 

a shift of the system resonance to longer wavelengths (bonding mode), while driving the 

two antenna arms separately with two out-of-phase plane-waves induces a shift of the 

resonance towards shorter wavelengths (antibonding mode). As sketched in the figure, 

the energy splitting of the modes increases with reduced gap size, revealing the distance 

dependence of the interparticle coupling [Section 1.3.2]: the red and blue curves 

represent the energy splitting for a 30-nm and a 50-nm gap, respectively.  

In practice, even in presence of strong coupling, antibonding modes are usually not 

observed in white-light scattering experiments since their excitation is symmetry-

forbidden under normal incidence with a plane wave [Funston et al. (2009); Slaughter et 

al. (2010)]. The antibonding antenna mode can, however, be excited if the symmetry of 

the system is broken either by the shape of the structure [Hao et al. (2008); Funston et 

al. (2009); Slaughter et al. (2010)] or, as in this study, by the illumination conditions.  

 

4.1.2 Experimental setup 

 

In order to evaluate the influence of high-order beams on the local response of 

optical antennas, mode mapping experiments were performed using two-photon-

induced luminescence (TPL) microscopy, since it was previously shown that TPL 

mapping over a gold gap antenna provides direct information about its actual mode 

distribution [Ghenuche et al. (2008)]. Gap antennas formed by two adjacent 

(              ) gold bars and separated by a       air gap were fabricated on a 

ITO-coated glass substrate by combining e-beam lithography with liftoff [Appendix B]. 

The fabricated sample was mounted on a 3D piezoelectric scanner lying in the sample 

plane of an inverted optical microscope (Olympus IX71) equipped with a high-NA oil 

immersion objective (Olympus, Plan Achromat, 100x/1.25 NA). The expanded beam 

from a tunable fs-pulsed Ti:Saph laser (        pulse width) operated at        was 

sent on a removable phase mask and, after reflection on a dichroic mirror (Semrock, 

FF670), it was focused on the back-focal plane of the objective by means of a 2-meter-

long focal-length lens. This optical configuration is schematically represented in Figure 

4.2. By focusing the phase-shaped beam on the back-focal plane of the objective, it was 
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possible to generate an almost collimated incident beam (      beam waist) that was 

commensurable with the whole antenna size.  

 

 
 

Figure 4.2: Schematic view of the optical excitation path of the setup. The Gaussian 

beam generated by a tunable fs-pulsed laser is converted into a higher-order beam 

using a phase mask before being focused, after reflection on a dichroic mirror, on the 

back-focal plane of a high-NA oil immersion objective. At the sample, an almost 

collimated beam illuminates one antenna at the time (top inset). 

 

While accurate nano-positioning of the antennas with respect to the optical axis was 

done using the piezoelectric scanner, mapping the TPL at each point of the sample 

surface was performed by raster scanning the confocal detection volume using an 

automated steering mirror (Newport, FSM-300) and a band-pass filter (Thorlabs, 

FGB37) included in the detection path. The microscope tube-lens (focal length, 

        ), together with other two lenses (focal lengths,            ) in the 

detection path, formed an image of the TPL signal onto an avalanche photodiode 

(SPCM-AQRH Single Photon Counting APD from Perkin Elmer), whose aperture   

was set to       by means of a pinhole. The in-plane resolution is then given by 

 

    
 

 
                                                                 

 

where the total magnification   is given as 
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being         the total magnification of the microscope’s objective and tube lens. 

 

4.1.3 Experimental TPL measurements 

 

Figure 4.3 shows TPL maps recorded over a gap antenna illuminated by three 

different beams, all linearly polarized along the  -axis. The wavelength of the 

illumination beam was set at the resonance (      ) of a single                

nanofabricated rod. At this wavelength, the coupling to both bonding and antibonding 

mode is still reasonably strong for the case of a 50-nm separation gap, as can be 

appreciated by the simulated spectra in Figure 4.1. The difference in resonant 

wavelength between fabricated and modeled structures is mainly due to differences in 

their shape and to the presence, in the real sample, of an additional thin layer of ITO 

[Appendix B], which notoriously induces a red-shift of the resonance [Section 1.2.3]. 

For reference, in Figure 4.3 (a-b), the case of a Gaussian beam (    ) without any 

phase mask is the first to be considered. The TPL distribution is dominated by emission 

maxima around the gap region. It is interesting to note that, despite the significant 

differences in the excitation/collection scheme used in [Ghenuche et al. (2008)], very 

similar maps were found.  

 

 
Figure 4.3: Experimental near field optical response of a gap antenna driven by higher-

order beams. (a,c,e) Experimental TPL maps recorded on a gap antenna (white 

rectangles) when driven by three different incident beams (        ): (a)      
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(Gaussian), (c)      and (e)     . The color scale gives the TPL intensity in photon 

counts. In (b), the vertical dashed line locates the  -shift position of the      beam. 

(b,d,f) Associated computed intensity distribution of the incident field (scale bar, 500 

nm). Each of the three beams is linearly polarized along the x-axis. The black arrows 

give the relative polarization orientation across the beam. 

 

A drastic change in the antenna near-field response was observed when switching 

the illumination from a Gaussian beam to a      beam, whose phase jump coincides 

with the position of the antenna gap (   ). In particular, unlike the Gaussian case, the 

gap region now appears as an emission minimum (Figure 4.3 (c-d)). Such drastic 

inversion in the near-field contrast is attributed to the  -phase shift in the polarization of 

the field driving each of the two antenna arms. In fact, a first intuitive interpretation can 

be that, by driving each of the arms with opposite phases, the surface charge gradient 

across the gap vanishes, thus canceling the associated electric field. Beyond the change 

within the gap region, driving the antenna with a      beam instead of a Gaussian 

beam leads also to a displacement of the TPL emission from the outer extremities 

toward the center of each arm. Further data were acquired for different relative positions 

between the  -phase shift of the incident      beam and the gap of the nanoantenna 

(Figure 4.4). These data show that the minimum of TPL emission in the gap region is 

observed within a range of about        around the gap center. Any lateral shift within 

this range only alters the symmetry of the TPL distribution along the overall antenna.  

 

 
 

Figure 4.4: TPL distributions recorded on a gap antenna as a function of the relative 

position of the  -phase shift of the incident      with respect to the antenna. The TPL 
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emission from the antenna has a minimum in the gap when the  -phase shift of the 

incident      beam is located within a range of about        around the gap (top 

row). When either of the two antenna arms overlaps the  -phase shift (        ), its 

emission is completely quenched and the antenna emission resembles the emission of a 

single rod [Ghenuche et al. (2008)]. Finally, the antenna emission is again dominated 

by a maximum in the gap, when the entire antenna is contained within an area of 

constant polarization  (        ).  

 

At this stage, in order to verify that the change in the antenna mode distribution is 

not governed by the intensity distribution of the electric field of the     , it is 

instructive repeating the experiment for a      beam (Figure 4.3 (e-f)). While the      

beam, like the      beam, features a minimum in intensity at its center, its polarization 

is in-phase on both sides of the     axis. The TPL distribution was found to be very 

similar to the Gaussian case, confirming that the phase change across the antenna is the 

main parameter which controls its near-field optical response. 

 

4.1.4 Simulated field and charge distributions 

 

To get further insight into the physics involved and validate the experimental data, 

numerical calculations based on the green dyadic method were performed [Appendix 

A]. The distribution of the fourth power of the electric near-field within the half plane of 

the antenna was calculated for each type of beam. Additionally, for a more direct 

comparison with the experimental data to account for the finite resolution of the 

confocal setup, the maps were convoluted with a Gaussian profile (       waist). 

Moreover, in order to appropriately approximate the actual illumination conditions in 

the real experiment, the incident electric field was first modeled in its paraxial 

expression, and then focused through an aplanatic optical lens with an adequate 

numerical aperture (        ) [Leutenegger et al. (2006)].  

For each of the illumination conditions, a very good agreement is found between the 

calculated mode maps, shown in Figure 4.5, and the TPL data of Figure 4.3. In order to 

better understand the origin of the local changes induced by the introduction of a  -

phase jump at the gap location, it is instructive to map the actual distribution of surface 

charges, given by the divergence of the electric field, for the three beams considered in 

the experiments (Figure 4.5 (d-f)). Each of the maps has been normalized to its 

respective maximum for a clearer comparison. The equal periodicity in the surface 

charge oscillations shows that the same (    ) antenna mode is coupled in each of the 

individual bars independently of the incident beam, as already suggested by the 

hybridization model. A major difference is observed for the      beam, for which the 

gradient of opposite charges vanishes within the gap region (Figure 4.5 (e)). This further 

confirms that the cancelation of the local field within the gap is a consequence of 

simultaneously driving in phase opposition the antenna’s arms, and consequently of 

coupling to the antenna’s antibonding mode – also known as dark mode. A comparison 

of the maps (d) and (e) of Figure 4.5 also provides some insight on the substantial 
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differences in the local field distribution along the arms between the      and the 

Gaussian beam. Although the same mode of the individual bars is coupled in both cases, 

for the     , the higher ratio between the magnitude of charges along the bars and at 

their extremities explains the displacement of the field intensity toward the center of the 

bars.  

 

 
Figure 4.5: Simulated near field optical patterns and charge distributions of a gap 

antenna driven by higher-order beams. (a-c) Convoluted     maps computed in the half-

plane of a gap antenna for three types of beams considered in the experiments of Figure 

4.3. In (b), the vertical dashed line locates the  -shift position of the      beam. (d-f) 

Associated surface charge distributions (scale bar, 100 nm).  

 

4.2 Towards More Complex Architectures 

 
In what follows, Hermite-Gaussian beams are used to deterministically control the 

confinement of light in more complex plasmonic architectures. The first geometry is a 

double gap antenna formed by three 500-nm aligned gold bars separated by two 

identical 50-nm air gaps. For reference, a TPL map was first recorded when driving the 

whole antenna with a Gaussian beam linearly polarized along the  -axis. As expected, 

field enhancement was observed in both gaps (Figure 4.6 (a)). Figure 4.6 (b) and (c), 

instead, show TPL maps recorded when the  -phase shift of a      beam coincides 

successively with the right and left gaps, so that one of the three rods forming the 

antenna is always driven in opposition of phase to the other two arms. These data 

demonstrate how a suitable positioning of the phase jump over the double antenna 

enables one to selectively switch on and off one of the two hot-spot sites.  



54 4. Influence of Spatial Phase Shaping on Nanoantennas 
  

 
 

While these results provide a first experimental evidence of the feasibility of using 

spatial phase-shaped beams for controlling the near field distribution of plasmonic 

systems, it is important at this stage to evaluate the potentiality of this approach to 

achieve spatial light control within a subwavelength region. For this purpose, numerical 

simulations were performed on a       array of        gold pads separated by 30-nm 

gap when illuminated by different Hermite-Gaussian beams. Figure 4.7 shows the 

evolution of the computed electric near-field intensity distribution at its collective 

plasmon resonance (      ) for different       sets. According to Equation (1.4), this 

structure covers a surface area that is commensurable with the diffraction limited focus 

(       for a wavelength of        and for       ), delimited by a dashed circle 

in Figure 4.7. 

 
 

Figure 4.6: TPL distributions recorded on a double gap antenna driven by higher-order 

beams.  Experimental TPL maps recorded for (a) a Gaussian beam, and (b-c) for a 

     beam whose  -phase shift (located by the vertical dashed line) coincides with (b) 

the right gap and (c) the left gap.  

 

For reference, Figure 4.7 (a-b) displays the near-field map when illuminating the 

array with a        waist Gaussian beam linearly polarized along the  -axis. Under 

these conditions, an intensity maximum is observed at each of the gaps oriented 
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perpendicular to the incident field. By switching to a     , whose phase jump coincides 

with the central line, the field along the later is inhibited and only the gaps of the outer 

rows remain bright (Figure 4.7 (c-d)). Conversely, the use of a      enables a reverse 

situation where the light is exclusively confined within the gaps of the central row 

(Figure 4.7 (d-e)). In this case, therefore, the minimum distance between two hot spots 

that can be selectively switched on and off is of the order of       , i.e. three times 

shorter than the diffraction limit at the considered wavelength. 

 

 
 

Figure 4.7: Subwavelength control of the emission of a complex plasmonic architecture. 

(a,c,f) Numerical electric neat-field intensity distribution computed for different 

illumination around a       matrix of 100-nm gold pads separated by 30-nm gaps. The 
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incident wavelength is        and the polarization is aligned along the  -axis. The 

pink dashed circle depicts the limit of diffraction, while the dashed lines locate the  -

phase shifts. All maps were normalized to the maximum of map (a) was applied. (b,d,f) 

Intensity distributions of the corresponding incident fields.  
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Chapter 5 
Towards a Deterministic Dynamic 

Control of Nanoantennas 
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The previous chapter introduced a new strategy for the accurate and dynamical 

control of the optical near-field on the subwavelength scale. This approach, based on 

continuous wave flows, consists in exploiting the spatial phase shaping – in opposition 

to a temporal phase shaping (Section 1.4.1) – of higher-order laser beams: for example, 

as seen, the phase jumps at the focus of Hermite-Gaussian beams enable the coupling of 

the incident field to a plasmonic dark mode in a gold gap antenna.  

Achieving a deterministic control of the light confinement at any specific location of 

a generic plasmonic nanostructure, however, requires a procedure that enables one to 

determine the actual incident field that leads to the desired near-field pattern. To this 

end, this chapter proposes a novel, fully deterministic numerical protocol towards the 

control of the optical near-field response of a generic nanosystem in an accurate and 

dynamical way. The so-called deterministic optical inversion (DOPTI) algorithm 

enables one to reconstruct, from a desired near-field pattern, the closest physical 

solution for the incident field, expressed on a basis of focused higher-order beams 

[Appendix C]. This protocol combined with spatial phase shaping by a spatial light 

modulator (SLM) offers a realistic approach towards the dynamical control of the near-

field of any linear nanosystems.  

 

5.1 DOPTI: The Inversion Algorithm 
 

The general principle behind the DOPTI algorithm can be understood by 

considering a standard configuration in which a continuous incident field    , after 

focusing through an objective lens, impinges on a generic nano-object of dielectric 

function       . Upon linear interaction, the electric field      inside the object 

connects to     by: 

 

     X                                                                    

 

as sketched in Figure 5.1 (left red path). In this functional equation, X  is a linear 

operator that describes the optical response of the nano-object and is derived from 

Maxwell’s equations.  

As shown in the right blue path of Figure 5.1, a full control of the optical near-field 

response would consist in retrieving the incident field    
  that leads to the desired 

output field     
  by solving: 

 

   
   X

  
    

                                                               

 

where the linear operator X  is assumed to be invertible. This is usually the case 

although special attention must be paid when X  is singular [Bretscher (1995)].  

The following discussion focuses on the Green dyadic method [Appendix A] in 

order to find a generalized expression for the matrix X , but any other solver of 

Maxwell’s equations could be used equivalently.  
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Figure 5.1: Schematic of the DOPTI algorithm. The left path (red) sketches a situation 

in which a Gaussian beam (   ) impinges on the structure leading to the output field 

(    ). The right path (blue) sketches the reverse situation in which the optimal incident 

field    
  is computed from the desired output field     

 .  

 

5.1.1 Eigenmode analysis 

 

An absolute control of the near-field of any nano-object requires controlling the 

coherent coupling of a superposition of its eigenmodes [Stockman et al. (2002)]. The 

goal here is, therefore, to make explicit the connection between the desired near-field 

pattern     
  and the eigenmodes of the nanosystem.  

To this end, the first step involves looking for the self-consistent electric field      

inside the nano-object by discretizing its volume   into   identical subwavelength 

dipoles located at the positions   , where        . This procedure generates a system 

of   vectorial equations with   unknown fields         : 

 

                  
 

 
 S                

 

   

                                  

 

where      
           

  
, being        and      the frequency dependent dielectric 

functions of the metal and of the surrounding, S         S          S             is 
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the Green dyadic tensor including a free-space term S          and a reflection term 

S             accounting for the presence of a surface [Appendix A].   

Equation (5.3) forms a linear system that can be rewritten in a simplified notation, 

after removing the self-consistency [Appendix A]: 

 

    M                                                                    

 

where     and      are   -supervectors defined by                              

and                                    . M  is a           invertible matrix 

[Appendix A], formed by the         elements M          
 

 
S        . 

At this stage, the eigenmode analysis of the inverse of the matrix M  would allow 

one to determine all the possible fundamental illumination conditions (eigenvectors) of 

the nanosystem under study, together with their frequency-dependent resonant behavior 

(eigenvalues). This analysis can be performed analytically in the case of single dipoles, 

like in Equations (1.7) and (1.8). In a more complex system instead, a more general 

method must be developed in order to relate the desired near-field pattern     
  to the 

optimal superposition of eigenmodes, thus to the optimal incident field    
 . 

 

5.1.2 Projection on a basis of higher-order beams 

 

Equation (5.4) always provides a mathematical solution for the incident field    
 

 
associated to any distribution of the desired field     

 , which has been previously 

defined in magnitude and phase at the center of every mesh. However, the practical 

implementation of this inversion approach depends on whether there is a physical 

incident field close enough to the ideal mathematical solution that can be created in a 

standard experimental configuration that is, from the collimated Gaussian beam of a 

laser. For example, the ideal mathematical solution may include evanescent components 

or spatially next-by phase discontinuities that are hard to control in a standard 

experimental configuration. 

In order to overcome this issue, an additional condition must therefore be imposed: 

the field    
 

 must be decomposable on a basis H  of   focused Hermite-Gaussian 

beams, whose symmetry axis coincides with the origin of the Cartesian coordinates 

    . For practical purposes, the infinite expansion of Hermite-Gaussian beams has to 

be truncated into a finite superposition of incident modes. The choice of such a basis 

allows one to establish a direct link with standard experimental conditions, where the 

incident field is the result of focusing a paraxial beam through an aplanatic lens 

[Novotny & Hecht (2006); Leutenegger et al. (2006)]. On the one hand, Hermite-

Gaussian beams form an orthogonal basis that can completely describe any paraxial 

beam before the lens [Siegman (1986)] and, on the other hand, they can feature, after 

focusing, phase singularities at the subwavelength scale [Berry (1994)].    
  can 

therefore be expressed as: 
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  H                                                                    

 

where   is the vector containing the complex coefficient of the superposition, and H  is 

a          matrix whose columns contains the complex values of the focused 

elements of the selected basis at each mesh position of the nano-object under study.  

Inserting Equation (5.5) into Equation (5.4) makes explicit the linear relationship 

between the unknown coefficients of the superposition   and the desired output field 

    
 : 

  

    
  M

  
H                                                              

 

Equation (5.6) is a linear overdetermined system with    equations and   

unknowns (    ). As a consequence, depending on the desired near-field pattern, a 

unique solution for Equation (5.6) does not always exist; a turnaround approach is to 

look for the value    of the coefficients of the superposition that offers the best physical 

approximation     
  to our ideal electric field     

  such that: 

 

    
      

    M
  
H                                                 

 

where the   -supervector   is the vector of residuals or error vector, that only vanishes 

when Equation (5.6) has a unique solution.  

 

5.1.3 Least mean square solution 

 

This becomes a standard fitting problem that can be solved by adopting any linear 

algorithm, such as a linear least mean squares algorithm (LMS) [Bretscher (1995)]. The 

LMS solution is, for example, given by [Bretscher (1995)]: 

 

    X
 
X  

  

X
 
    

  X  M
  
H                                  

 

      
      

      
  X                                                  

 
 

where the matrix X
 
  is the transpose conjugate (Hermitian) of  X . Unlike Equation 

(5.6), given a certain geometry ( M ) and some free space conditions ( H ), the first 

implication of Equations (5.8) and (5.9) is that it is always possible to find one and only 

one solution    to the linear set of Equation (5.8), because the         matrix 

 X
 
X  

  

X
 
 is always full rank by construction. It is also interesting to note that 

finding the best physical approximation to the incident field    
 , calculated directly 
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from Equation (5.4), by applying the LMS method to Equation (5.5), is not equivalent 

to solving Equation (5.8) because matrix M  is not unitary ( MM
 
   ). 

At this stage, summing the different elements of the basis H , after weighting them 

for the complex coefficients   , finally gives the distribution of the incident field in 

order to obtain the best approximation to the initial     
 , by solving the standard direct 

problem of Equation (5.1). Assuming paraxial approximation for the incoming field at 

the entrance of the objective lens, the complex coefficients    can also be used to 

reconstruct the incident field before focusing by superimposing the paraxial description 

of the Hermite-Gaussian beams of the basis H  [Appendix C]. This is possible because 

the integration, which describes the effect of the focusing optics on the incoming field at 

the entrance of the objective lens, is a linear operation [Novotny & Hecht (2006); 

Leutenegger et al. (2006)]. 

The LMS solution also gives direct insight on how physical and viable our initial 

ideal field     
 

 
is in terms of relative error   and absolute efficiency  . The normalized 

error and efficiency of the DOPTI algorithm can be estimated by applying the following 

equations: 

 

  
    

     
  

  
          

   

      
     

   
   

                                                

 

                   
 

   

                                                 

 

where   is a normalization constant: for example,            
     

 
         

       , 

where         , ensures the same maximum intensity for the reconstructed output 

electric field and the originally desired one. Overall, the error   and the efficiency   

respectively quantify the fidelity which the approximated solution describes the 

intended output field with, and the coupling efficiency of the desired incident field. 

According to this definition of efficiency, for     
  to reach the same maximum intensity 

as     
 , the total power of the incident field has to be exactly   times higher. Finally, for 

most applications, the restrictive definition here adopted for the error   provides a 

worst-case scenario.  

Even though there is no practical limitation on the choice of the desired near-field 

pattern, smaller errors and higher efficiency are expected for patterns that are close to a 

superposition of the eigenmodes of either the whole structure or a portion of it.   

 

5.2 Numerical Case Studies 

 
As case studies to illustrate the DOPTI algorithm, numerical simulations were 

performed over two ensembles of five              gold nanopads, lying on a glass 
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substrate (      is taken from [Palik (1985)],             and        ) and arranged 

to form two different patterns: a V-shaped structure (Figure 5.2 (a)) and a cross-shaped 

structure (Figure 5.2 (e)). The design parameters for these two structures are reported in 

Table 5.1.  

 

 
 

Figure 5.2: Partial control of the optical response of a nanostructure upon plane wave 

illumination. (a-b) Geometry and normalized far-field scattering spectrum of a V-

shaped structure illuminated by a plane wave linearly polarized along   (black arrow). 

The right insets show the normalized electric near-field intensities at        and 

       (white scale bar,       ). (c-d) Geometry and normalized far-field scattering 

spectrum of the same structure illuminated by a plane wave linearly polarized along   

(black arrow). The right insets show the normalized electric near-field intensities at 

       and        (white scale bar,       ). (e-f) Geometry and normalized far-

field scattering spectrum of a cross-shaped structure illuminated by a plane wave 

linearly polarized along   (black arrow). Due to the symmetry of the structure, the 

optical response of this structure does not change when illuminated by a plane wave 

linearly polarized along  . The right insets show the normalized electric near-field 

intensities at        and        (white scale bar,       ). All near-field intensities 

were calculated 20 nm above the gold nanopads. 

 

For the two structures, Figures 5.2 (b), (d), and (e) plot the calculated far-field 

spectra for a plane wave illumination linearly polarized along the  - and  -direction. 

Upon each polarization, both structures feature two resonances each associated with a 
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different electric near-field intensity distribution (right insets of Figure 2 (b,d,f)). While 

changing the direction of the linear incident polarization and/or the wavelength leads to 

significant changes in the near-field response of these nanosystems, the degree of 

control that can be exerted still remains strongly limited and imposed by the fixed 

geometry.  

 

V-shaped structure Cross-shaped structure 

Coordinates (nm) Orientation (rad) Coordinates (nm) Orientation (rad) 

                        

                                  

                                   

                              π/4 

                    (0, -118.14)     

 

Table 5.1: Design parameters of the V-shaped and the cross-shaped nanostructures. The 

two structures are ensembles of five              gold square pads arranged to form 

two different patterns: a V-shaped structure (Figure 5.2 (a)) and a cross-shaped 

structure (Figure 5.2 (e)). For every pad of the two structures, the coordinates of its 

center and its orientation with respect to the x-axis (black dashed line in Figure 5.2 

(a,c,e)) are given. 

 

The DOPTI algorithm, nevertheless, allows one to control the output field of these two 

plasmonic structures in a very efficient and flexible way, and, by applying Equation 

(5.8), to identify the optimal incident field for a given desired output. In the following 

calculations, the expansion of the Hermite-Gaussian basis H  was truncated to the first 

seven orders to limit the phase complexity, so that H  is a           matrix – for each 

order, both orthogonal polarizations along the Cartesian axis,   and  , are considered 

[Appendix C].  Finally, the focusing optics was modeled through a high numerical 

aperture (       ) aplanatic lens with a 3-mm entrance radius [Novotny & Hecht 

(2006); Leutenegger et al. (2006)]. 

 

5.2.1 Deterministic control on a V-shaped structure 

 

Figures (5.3) (a-e) show different scenarios of subwavelength control that one would 

like to achieve over the V-shaped nanostructure of Figure (5.2) (a), where light is 

selectively coupled to one of the dipolar modes (resonance at around       ) of each 

of the adjacent pads of the ensemble. In practice, the desired electric field     
 

 
is 
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determined by computing the response of a single isolated pad upon a focused Gaussian 

illumination. This field is then imposed to the target pad of the complex nanosystem and 

used as input for the DOPTI algorithm in Equation (5.8). The distance between the 

centers of two adjacent pads is less than half the limit of diffraction according to 

Equation (1.4) – approximately        at a wavelength of        with        ), 

represented by the pink dashed circle in Figures (5.3) (a-e). 

 
 

Figure 5.3: DOPTI subwavelength control on a V-shaped ensemble of gold 

nanoparticles. (a-e) Normalized desired electric near-field intensity patterns at       . 

The pink dashed circle depicts the limit of diffraction. (f-j) Corresponding normalized 
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reconstructed electric near-field intensities calculated from the five intended output 

near-field patterns in (a-e). Error and efficiency are reported. The near-field intensities 

were calculated       above the pads. (k-o) Corresponding magnitude (blue) and 

phase (red) of the   coefficients of the superposition on a base of 14 Hermite-Gaussian 

beams. Every order f the base appears with the two orthogonal polarizations along   

and  . Magnitude and phase are on the same scale, between    and  . 
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Figure 5.4: Phase information complementary to Figure 5.3. Maps (a, c, e) shows the 

phase distributions for the  ,   and   components of the desired electric near-field 

distributions, whose intensities are shown in Figure 5.3 (a-c) , respectively. Maps (b, d, 

f) shows the phase distributions for the  ,   and   components of the corresponding 

reconstructed electric near-field distributions, whose intensities are shown in Figure 

5.3 (f-h) , respectively. 

 

Figures 5.3 (f-j) show the intensity maps of the reconstructed near-field     
  

associated to the desired near-field patterns of Figures 5.3 (a-e). Additionally, Figure 

5.4 provides the corresponding desired and reconstructed phase distributions for the first 

three near-field patterns of Figure 5.3. Finally, Figures 5.3 (k-o) plot the associated 

magnitude and phase of the coefficients of the vector    that are needed in order to 

reconstruct the optimal incident field for the excitation of     
 . 

According to Equations (5.10) and (5.11), the error   is found to be of respectively 

56%, 20%, 11%, 50% and 24%, while the efficiency   is respectively 13, 6.5, 7.8, 12.5 

and 13.9. According to Equation (5.11), these values, which express the ratios between 

the power of the incident fields in the ideal case and in the DOPTI solution, ensure the 

same maximum intensity for the reconstructed output electric field and the originally 

desired one. The restrictive definition for the LMS error   provides a worst-case 

scenario. For instance, a definition of the error based on simply concentrating light 

around a single gold pad – that is, without necessarily reproducing exactly its dipolar 

mode pattern – would lead to much smaller errors of those in Figure 5.3. At this stage, it 

also becomes clear that an approach exclusively based on reproducing the required 

incident intensity pattern (without considering the phase distribution), for instance 

through a superposition of diffracted limited Gaussian spots, would suffer from a much 

lower level of control.  

 

5.2.1 Deterministic control on a cross-shaped structure 

 

In order to demonstrate the applicability of the DOPTI approach to other 

geometries, the cross-shaped ensemble of particles in Figure 5.2 (e) was also 

considered: here the aim is to selectively address optically the positions A, B and C, 

where, for example, several nearby nano-objects, such as nanoemitters, could be 

located. This time, the input of the DOPTI algorithm is the electric field     
  derived by 

concentrating light on the left corner of a single pad of the ensemble of particles. Tests 

on this nanostructure were performed at two wavelengths,        and       , for 

which the respective limits of diffraction sit approximately at        and        – 

represented by the two pink circles in Figure 5.5 (a). For both wavelengths, the 

separation distance between points A, B and C is substantially less than half the limit of 

diffraction. Figures 5.5 (b) and (c) show how it is possible to selectively localize light at 

any of these points for both wavelengths with intensity ratio up to      . The 

corresponding normalized electric near-field intensities are reported in Figures 5.5 (d), 
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(e) and (f) for         , and in Figure 5.5 (g), (h) and (i) for          together 

with the respective errors and efficiency according to Equations (5.10) and (5.11).  

Accurate control of the field concentration at the three points is successively 

achieved at both wavelengths, showing that the DOPTI method is almost independent 

from the illumination wavelength. Nevertheless, efficiency and errors are better at 

       than at       , most probably because at the former wavelength the intended 

field patterns     
  are closer to the eigenmodes of the structure upon plane wave 

illumination. 

 
 

Figure 5.5: DOPTI subwavelength control on a cross-shaped ensemble of gold 

nanoparticles. (a) The overall size of the cross-shaped nanostructure of Figure 5.2 (e) is 

comparable to the limit of diffraction for        and for        (two pink dashed 

circles, respectively). (b-c) Intensity concentration at points A (red), B (black) and C 

(blue) at        and at       , respectively. (d-i) Normalized electric near-field 

distributions calculated for the cases at        (d-f) and at        (g-i). The near-

field intensities were calculated       above the pads. 
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The work reported in this Thesis introduced new tools, both experimental and 

theoretical, to extend the current level of control over the spatial distribution of light on 

the subwavelength scale. Such a control is primarily important in order to extend 

concepts and functionalities of macro-optics down to the nanometer scale. A priori, 

however, optical control on this length scale goes against the law of diffraction of light, 

which, in fact, represents to ultimate limit to be overcome.   

In the past decades, the concept of nanoantennas has emerged in plasmonics as an 

enabling technology for communicating energy to and from the nanoscale, and for 

controlling the spatial distribution of light on subwavelength scales [Novotny & van 

Hulst (2011)].  

As seen in Chapter 1, learning how to accurately control the optical response of 

these nanoantennas represents a very promising approach to the dynamic control of the 

spatial distribution of light fields on the nanometer scale. In particular, two main 

complementary approaches have been traditionally followed in order to control the 

optical response of plasmonic nanoantennas: the first, static approach aims at 

optimizing the design of the nanoantenna as a function of its specific application, while 

the second, dynamic approach aims at reversibly tuning the optical near-field response 

of a given nanostructure by engineering its excitation light over time and space.  

On the one hand, tailoring the shape and the dimensions of metal nanoparticles is a 

fundamental ingredient in order to tune plasmonic resonances and to control light fields 

on the nanoscale. Because of recent progress in numerical modeling and the spreading 

of nanofabrication techniques, single particles or simple systems of coupled particles are 

already well described and understood. As novel examples of static control, Chapters 2 

and 3 studied new designs of plasmonic nanostructures: Chapter 2 proposed the use of 

fractal nanostructures to extend the degrees of freedom and the parameters available for 

the design of plasmonic structures [Volpe et al. (2011)], while Chapter 3 characterized 

the performance of a unidirectional Yagi-Uda nanoantenna [Curto et al. (2010)]. As far 

as the static control is concerned, the new frontier, which still largely waits to be 

explored, is therefore represented by the study of systems of many particles, and their 

unique capabilities of molding light field on the nanoscale, both in term of intensity 

[Del Negro & Boriskina (2011)] and phase [Yu et al. (2011)]. 

On the other hand, the optical near-field distribution resulting from the interaction 

between light and plasmonic nanostructures is not only determined by the geometry of 

the metal system but also by the properties of the incident light: the accurate and 

dynamic control of the optical near-field on a subwavelength scale – independently of 

the geometry of the nanosctructure – is also a very important ingredient for the 

development of future nano-optical devices. To this end, Chapters 4 and 5 described a 

new theoretical and experimental tool for the dynamic and deterministic control of the 

optical response of nanoantennas based on a spatial reconfiguration of the excitation 

light [Volpe et al. (2009); Volpe et al. (2010)]. Currently, while this task seems to be 

more and more at reach of present research developments [Gjonaj et al. (2011)], a last 

challenge is probably set by the realization of one comprehensive technique for the 

coherent control of plasmonic systems on the nanoscale that joins the advantages of a 

modulation of the incident field both in frequency and space. 
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Finally, complementing static and dynamic approaches in one powerful tool will 

enormously advance the current ability to control the optical response of nanoantennas 

over space and time on a subdiffraction scale. This advanced form of control will not 

only have fundamental implications in our understanding of the physics underlying 

nanoscale phenomena, but it will also be useful, in terms of applications, in order better 

control and enhance the efficiency, to name but a few, of photodetection, light emission, 

sensing, heat transfer, and spectroscopy on the nanometer scale. 
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Most of the calculations in this thesis are performed with a homemade Matlab code 

based on the Green dyadic method. This formalism, which only requires the definition 

of the geometry and the dielectric function of the object under study, provides a semi-

analytical solution for the scattering problem, since it renders an analytical expansion of 

the electromagnetic field by numerical means. This appendix reviews the main 

information on this formalism; additional details can be found in [Martin et al. (1995); 

Girard (2005); Novonty & Hecht (2006)].  

In the Green formalism, the self-consistent electric field        inside a generic 

scatter can be obtained solving the correspondent wave equation using the Lippmann-

Schwinger integral: 

 

                                                                

 

where                 , being        and      the frequency dependent 

dielectric functions of the scatter and of its surrounding,           is the Green dyadic 

tensor, and         is the solution of the homogeneous wave equation (the absence of 

any scatter). 

 

A.1 Discretization in the Source Region 

 
Searching for exact solutions of Equation (A.1) requires a volume discretization 

procedure of the source region. As first step, we look for the self-consistent electric field 

inside the source region by discretizing its volume into   sub-wavelength meshes 

located at the positions   , where        . This procedure generates a system of   

vectorial equations with   unknown fields        : 

 

                                         

 

   

                        

 

This system of equations can be rewritten in a simplified notation, after removing 

the self-consistency: 

 

                                                                        

 

where    and   are 3N-supervectors defined by                             and 

                       .   is a           invertible matrix, formed by the 

       elements                          . 

The electric field inside the source region can now be calculated by solving 
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And the electric field in a generic position   outside the source id deduced from the self-

consistent field inside the structure:  

 

                                      

 

   

                          

 

A.2 Explicit Expression of the Green Tensor 

 
In order to model half-space problems, the green tensor           typically 

includes a free-space term            and a reflection term               that 

accounts for the presence of a surface so that: 

 

                                                                      

 

where the explicit expression for the free-space tensor is given by 

 

           
      

      
                                               

 

 

with          ,        , and      ,       and       are three dyadic tensors 

that gradually describe the transition from near-field to far-field, 

 

      
       

  
 

      
        

  
 

      
        

  
 

 

 

The expression for the retarded surface propagator               can be also 

calculated analytically for the most general case [Paulus et al. (2000)]; in the proximity 

of the surface, however, the following approximation holds: 

 

              
 

   

            

            
                                        

 

where the elements of             are given by 
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Finally, it is important to deal with the mathematical singularity of the free-space 

Green dyadic function            for     . This divergence that occurs inside the 

source region can easily be removed [Yaghjian (1980)], and for a tridimensional mesh 

made of cubic or spherical cells of volume   , the limit reads 
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The metal nanostructures that appear in this thesis were mainly fabricated by e-beam 

lithography on positive electron-sensitive resist with either of two scanning electron 

microscopes: a FEI-QUANTA 200 or a FEI-INSPECT F50. Both microscopes are 

equipped with a RAITH-ELPHY+ control system for advanced lithography. 

 

B.1 E-Beam Lithography on PMMA 

 
The fundamental steps of the fabrication process are summarized in Figure B.1. The 

initial substrate for the lithography is made of glass, on which a 10-nm layer of Indium 

Tin Oxide (ITO) is deposited by e-beam deposition: electrically conductive and 

optically transparent, ITO does not significantly affect the final optical properties of the 

nanofabricated sample, and, at the same time, prevents its electric charging during the 

lithography process. 

 

 

Figure B.1: Fundamental steps of e-beam lithography on positive resist. (a) A thin film 

of positive resist, such as PMMA, is spin-coated over a glass sample covered with 10 

nm ITO; (b) the resist is then patterned by exposure to an electron beam and (c) 

developed; (d) metal is deposited onto the sample; (e) after lift-off, the remaining resist 

is dissolved and the deposited metal stays anchored to the sample only in the areas that 

were originally exposed to the electron beam. 

 

A Polymethyl methacrylate (PMMA) film is then spin-coated onto the substrate. 

Typically, the resist thickness is at least three times the height of the desired metal 

nanostructures. At this point, the resist is patterned by an electron beam (acceleration 

voltage of 30kV), and developed in MIBK:IPA (3:1) immediately after. Using thermal 
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evaporation, a gold layer is deposited on the developed resist. Finally, after lift-off, the 

remaining resist is dissolved and the deposited metal stays only in the areas originally 

exposed to the electron beam. 

 

B.2 Performance of the Fabrication Process 

 
E-beam lithography on positive or negative electron sensitive resists combined with 

thermal evaporation of gold layers is a process that has been extensively used to 

fabricate arrays of plasmonic nanostructures, with remarkable results in terms of 

minimum gaps (a few nanometers) between adjacent structures [Açimoviç et al. (2009); 

Jain et al. (2007)]. The minimum size of the particles that can be fabricated depends on 

many factors, such as the resist resolution and thickness, the exposure dose, and the 

process of metal deposition. Figure B.2 (a), for example, shows an array of 

             nanofabricated gold particles. 

This method, in particular, suffers from the multi-crystalline character of the gold 

film produced by vapor deposition, where the precision of the fabricated structure is 

ultimately limited by the size of the vapor grains, typically from about 20 nm (Figure 

B.2 (b)).  

 

 

Figure B.2: Performance of the e-beam lithography on PPMA. (a) A SEM micrograph of 

an array of               nanofabricated gold particles: many independent factors 

can influence the resolution of the fabrication process, such as the resist and its 

thickness and/or the exposure dose. (b) A SEM micrograph of a typical gold surface 

(clearer area) produced by vapor deposition and consisting of randomly oriented grains 

from about 20 nm in size. 

 

Colloidal metal particles usually offer better crystallinity, but the accurate 

positioning of colloids onto a substrate still remains challenging, even though, recently, 

chemically grown single-crystalline gold flakes, after immobilization on a substrate, 

have been proposed as a platform for focused-ion beam (FIB) milling and other top-
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down nanofabrication techniques for the fabrication of high-definition nanostructures on 

a substrate [Huang et al. (2010)]. 
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Shaping the amplitude and phase of femtosecond light pulses is a useful tool to 

dynamically generate waveforms that are modulated both in frequency and space and 

that can be focused onto microscopic time domains on a femtosecond time scale 

[Wefers & Nelson (1993); Feurer et al. (2003)]. This shaping offers a unique 

opportunity to coherently control ultrafast phenomena on the nanoscale, where the 

phase and the polarization of the excitation pulse provide additional degrees of freedom 

to perform such a control.  

In Chapter 4 and 5, this thesis proposes a novel approach based on continuous light 

flows to achieve a deterministic control of plasmonic fields by using the spatial phase 

inhomogeneities of higher order laser beams, such as Hermite-Gaussian and Laguerre-

Gaussian beams. The interesting properties of these two sets of beams come from the 

fact that both independently form a complete orthogonal basis of solutions of the wave 

equation in paraxial approximation: any bidimensional complex light field can, 

therefore, be obtained as a superposition of these two sets of beams [Siegman (1986)]. 

In order to facilitate the reading of Chapter 4 and 5, this appendix reviews some general 

concepts about these higher-order beams. 

 

C.1 Hermite-Gaussian Beams 

 
The Hermite-Gaussian modes are light beams whose field distribution can be 

described by some complex functions based on the Hermite polynomials      :  

 

                

   
    

         
 

  
 
 

                              

 

being the index   a non-negative integer. In Cartesian coordinates, when the direction 

of propagation is  , the analytical tridimensional expression for these beams then reads: 

 

               

  

    
  

    
 

    
     

  

     
     

 

    
     

  

     
                        

                     
 

  
 

        

     
   

 

where      is the beam width,   the beam waist,   the wave number, and      is the 

radius of curvature of the beam’s wave-front.  

The Hermite-Gaussian beams have a Cartesian symmetry, and the indices   and   

determine the shape of the beam profile in the  - and  -direction, respectively: the 

intensity distribution for these modes, in fact, has   intensity nulls (nodes) in the  -

direction and   nodes in the  -direction, at each one of which the phase undergoes a 

jump of   radiants in the direction perpendicular to the node. Finally, a Gaussian beam 
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is obtained when      . Figure C.1 plots intensity and phase profiles of the first 

twelve Hermite-Gaussian modes. 

 

 
Figure C.1: First twelve Hermite-Gaussian beams. (a) Intensity and (b) phase profiles of 

the first twelve Hermite-Gaussian beams: for Hermite-Gaussian modes, the indices   

and   determine the shape of the beam profile by controlling the number of intensity 
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nulls (and correspondent phase jumps) in the two orthogonal directions perpendicular 

to the direction of propagation of the beam. 

 

C.2 Laguerre-Gaussian Beams 

 
The Laguerre-Gaussian modes are light beams whose field distribution can be 

described by some complex functions based on the Laguerre polynomials   
    :  

 

  
     

     

  

  

   
                                                          

 

being the index   any integer, and the index   any non-negative integer. 

In cylindrical coordinates, when the direction of propagation is  , the analytical 

tridimensional expression for these beams then reads: 

 

             
  

       
 

  

    
 

   

  

       
  

     
   

  
   

     
                                               

     
     

       
  

                     
 

  
           

 

where      is the beam width,   the wave number, and    the Rayleigh length. 

 The Laguerre-Gaussian beams have a cylindrical symmetry, and the shape of their 

beam profile is determined by the two indices   and  :   determines the number of 

nodes along the radial direction, while   determines the phase distribution of the mode 

along the azimuthal direction. This phase variation, due to the term         , results in 

a helix structure of the wavefront. Consequently, there is a phase singularity at the 

center of the beam for     and, in order to fulfill the wave equation, the intensity is 

null at that point. Because of this phase singularity, Laguerre-Gaussian beams are also 

called doughnut beams or optical vortices. Figure C.2 plots intensity and phase profiles 

of the first twelve Laguerre-Gaussian modes. 
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Figure C.1: First twelve Laguerre-Gaussian beams. (a) Intensity and (b) phase profiles 

of the first twelve Laguerre-Gaussian beams: for Laguerre-Gaussian modes, the indices 

  and   determine the shape of the beam profile:   determines the number of nodes 

along the radial direction, while   determines the phase distribution of the mode along 

the azimuthal direction. The intensities profiles of the      and      have been 

rescaled in size to fully fit into the figure.   
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