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Chapter 1 Introduction

In this thesis, we use different plasmonic nanostructures to control electrically excited surface plasmon polaritons (SPPs) and light. The electrical excitation is carried out using a scanning tunneling microscope (STM). SPPs are collective oscillations in the electron density at the surface of a metal coupled with electromagnetic waves. Such an excitation can be propagating or non-propagating, thus SPPs can be categorized as propagating surface plasmons or localized surface plasmons. As a major branch of nanophotonics, their interactions with various plasmonic nanostructures are fascinating; exploiting these interactions leads to the control of the emitted light and plasmons.

A brief history of SPP excitation in chronological order

The existence of surface plasmons (the long wavevector limit of SPPs) was first predicted by Ritchie in 1957 [1]. He theoretically investigated the loss spectra of electron beams undergoing diffraction on thin metallic films. He found that besides the expected volume plasmon excitation at an energy of ℏ𝜔 𝑝 , his study also predicted an additional loss at a lower energy ℏ𝜔 𝑝 /√2. The first experimental demonstration of the existence of surface plasmons was presented by Powell and Swan in 1959 [2], [3] which fully confirmed Ritchie's prediction. In their work, they observed the additional peaks in the electron energy loss spectra of aluminum and magnesium in reflection.

In the above mentioned work, high-energy electrons (≥ 1 𝑘𝑒𝑉) are the excitation source.

From 1959 to 1964, Turbadar made successive efforts to study the reflected spectra when light is incident at an oblique angle on a glass/metal structure [4]- [7]. He interpreted his results in terms of geometrical optics and did not take the SPP oscillations along the metal film into consideration. Even though his work was less recognized by researchers, in fact he pioneered the approach of exciting SPPs with light since he showed that p-polarized light at a certain oblique incident angle on a metal film from the glass side displayed a sharp decrease in the reflected intensity [5].

In 1968, breakthroughs in the field of far field optical excitation of SPPs were achieved on smooth planar metal surfaces. Otto, and Kretschmann together with Raether, separately proposed two famous configurations to excite SPPs by light [8], [9] which are referred as the "Otto configuration" and the "Kretschmann configuration". In the same year, Ritchie et al., experimentally demonstrated that a grating configuration could also be used to excite SPPs with light [10] (details of these three configurations will be shown in chapter 2).

In 1976, Lambe and McCarthy discovered a new method for exciting SPPs using lowenergy electrons (~ 𝑒𝑉) [11]. Their device was made of a metal-insulator-metal planar junction with an insulating layer thickness on the order of a few nanometers. When a low voltage difference was applied between the two sides of the junction, broadband light emission was observed. In 1989, light from localized SPPs excited from the nanometer-sized junction formed between the tip of a scanning tunneling microscope (STM) and a metallic surface was obtained [12]. STM provided a method to excite SPPs locally (~10 𝑛𝑚), however, at that time, light was detected only from localized surface plasmons because of the phase mismatch between photons in air or vacuum and SPPs on an air/metal or vacuum/metal interface. More recently, our group detected and imaged (in the real and Fourier spaces) the light from STM-excited localized and propagating SPPs [13]. This low-energy, local and electrical excitation of SPPs with an STM is what we use in this thesis. In chapter 2, this method will be detailed.

In 1996, a scanning near-field optical microscope (SNOM) was used to excite SPPs [14].

Using a SNOM provides a method to locally (~30 𝑛𝑚) excite SPPs optically. More recently, in 2006, a method using a scanning electron microscope (SEM) with high-energy electrons (~ 30 𝑘𝑒𝑉) to excite SPPs locally ( < 10 𝑛𝑚) on a metal film was reported [15]. More details of these two methods will be introduced in chapter 2.

Interaction of SPPs and plasmonic nanostructures

In 1998, the famous extraordinary optical transmission (EOT) phenomenon was experimentally discovered by T. W. Ebbesen and co-workers [16]. They found that due to the interaction of SPPs with a sub-wavelength array of holes in a silver film, the intensity of the light transmitted through the holes was higher than expected. This pioneering work revived the field of SPPs and opened up new research directions regarding the interaction of SPPs and plasmonic nanostructures. As a result, during the last two decades, more and more scientists have undertaken the study of the interaction of SPPs and plasmonic nanostructures. Using nanostructures to manipulate light and SPPs has potential applications for future devices. For instance, nanostructures may be used to control SPP propagation or the emission of light. In my thesis, several different structures including a circular plasmonic lens, an elliptical plasmonic lens, a plasmonic multi-layer stack and an individual triangular plate are used for obtaining controllable light emission.

STM excitation and the study of the interaction of SPPs with plasmonic nanostructures

Benefiting from the contributions made by researchers in the field of plasmonics, scientific studies of SPPs interacting with plasmonic nanostructures is rising rapidly. However, despite these advances, the study of SPP-matter interactions faces some challenges.

When exploring the interaction of SPPs and nanostructures, the optical excitation of SPPs is often used. This includes far field and near field optical excitation. Nevertheless, since a laser is inevitable for the optical excitation of SPPs, a strong optical background will be present and weak signals might go undetected. As well, the size of the excited area for the far field optical excitation of SPPs is large compared to the nanostructures under investigation due to the diffraction limit. As a result, limited by the size of the source, probing the interactions at the nanoscale may face some difficulties.

Therefore, a truly localized nanoscale source of SPPs with no strong optical background light is needed. As we reviewed before, the local, electrical excitation of SPPs can be realized either with high-energy or low-energy electrons. While several investigations of the interaction of SPPs excited with high-energy electrons and nanostructures exist (e.g. [17]- [19]), nevertheless, in terms of applications in a nanodevice, a major drawback of this approach is that it requires a large high-energy electron generator as well as vacuum conditions. Thus, it appears that such a technique would not be compatible with future on-chip nanodevices.

On the other hand, the tunnel junction excitation of SPPs using low-energy electrons could potentially be combined with nanodevices for future applications. Recently, it was shown in our group that by electrically exciting a plasmonic nanoparticle by STM, active angular control of the emitted light is achieved [20]. This provides insight into light manipulation using lowenergy, inelastic tunneling electrons from the STM interacting with various plasmonic nanostructures.

Can we go further and achieve more active control of the emission of light from various plasmonic nanostructures by using the low-energy electrical excitation of the STM? The opportunity for this study lies in two aspects. On the one hand, the versatility of the STM provides the opportunity to explore the interaction between SPPs and plasmonic nanostructures since the local excitation position may be precisely controlled. On the other hand, our STM is combined with an inverted optical microscope with which the light from both localized and propagating surface plasmon may be detected and imaged.

Outline of this thesis

This thesis focuses on using different plasmonic nanostructures to control the emission of electrically excited light. The electrical emission is from an "STM-nanosource" which uses the inelastic tunnel current between the tip of a scanning tunneling microscope (STM) and a metallic sample, to locally excite both localized and propagating surface plasmon polaritions.

The organization of the chapters is listed below:

In chapter 2, the general theoretical background is introduced. The dispersion relation of SPPs propagating at the Au/air interface is derived. Different methods to excite SPPs will be introduced including the electrical excitation of SPPs by STM which I use in my thesis. Radially polarized light is introduced as well as it is important in light manipulation. Besides, the electronic local density of states (E-LDOS) and the electromagnetic local density of states (EM-LDOS) are also introduced. In this chapter, the experimental setup and the general experimental techniques such as leakage radiation microscopy, real and Fourier space imaging are introduced.

In chapter 3, we present the experimental results of the interaction of an STM-nanosource and a circular plasmonic lens. By electrically exciting SPPs at the center of the plasmonic lens, a radially polarized microsource with low angular spread ( ≈ ±4°) is achieved. We also investigate how the structural parameters influence the angular spread of the resulting beam of light. Additionally, we find that by moving the excitation position of the STM tip, the polarization states as well as the angular spread of the microsource will change. As well, the spectral response of our plasmonic lens to the broadband excitation from the STM tunnel electrons is experimentally investigated.

In chapter 4, we present experiments results of the interaction of an STM-nanosource and an elliptical plasmonic lens. When an STM tunnel junction electrically excites SPPs at the focal position of the elliptical plasmonic lens, a directional light beam of low angular spread is achieved. Moreover, we find that by changing the eccentricity from 0 to 0.94 of the elliptical plasmonic lens, the emission angle is varied from 0° to near 40°. It was found that the larger the eccentricity of the elliptical lens, the larger the emission angle.

In chapter 5, we present experimental results of the interaction of an STM-nanosource and a planar plasmonic multi-layer stack structure. When the inelastic tunnel current from an STM tip electrically excites the structure, we can experimentally probe the optical band structure for an Au-SiO2-Au stack. As well, we find that the thickness of the dielectric layer plays an important role in changing the coupling between the modes. We also compare the results obtained by both laser and STM excitation of the same stack structure.

In chapter 6, we present experimental results of the local electrical excitation of triangular plates (𝐿 ≈ 600 𝑛𝑚). In this study, the experimental results may be categorized into two parts.

First, by locally exciting SPPs at specific locations on the triangle plates, directional light emission is achieved. The directivity of this emitted light is also measured up to 6.8 𝑑𝐵. Second, we investigate the possibility of mapping the EM-LDOS with our STM-nanosource.

A conclusion may be found in chapter 7. This thesis experimentally explores the interaction between STM-excited SPPs and various plasmonic nanostructures. The present results show that the manipulation of light is achieved through SPP-matter interactions. Using nanostructures, we control the collimation, polarization, and direction of the light originating from STM-excited SPPs. These studies may lead to future developments in the field of nanoscale opto-electronic integrated circuits.

Chapter 2

General considerations and experimental setups

In this chapter, we will introduce some basic knowledge and the experimental setups. For the basic knowledge, surface plasmon polaritons (SPPs) are explained and their dispersion relation is derived. Different ways to excite, detect and image SPPs are described. The concept of Fourier space imaging, radially polarized light and the electronic and electromagnetic local density of states are also introduced since they are also necessary for later chapters. Lastly, the two employed experimental setups are detailed and compared.

Surface plasmon polaritons

Propagating surface plasmon polaritons (SPPs) are electromagnetic surface waves coupled to charge oscillations at the interface between a dielectric and metal. Unlike dielectrics, the optical properties of metals are frequency dependent, ε m = ε m (𝜔) . Using the Drude-Sommerfeld model and considering only free electrons for the dielectric constant of a metal, we get [1]:

ε m (𝜔)=1- ω p 2 ω 2 +iΓω (2.1)
where, ε m (𝜔) is the dielectric constant of the metal and 𝜔 is the angular frequency. ω p is the volume plasma frequency, and Γ is the damping term which arises since the electron motion is damped by collisions. This model describes how the electrons oscillate in response to the applied electromagnetic field.

Since SPPs are surface modes, the fields in the direction perpendicular to the interface decay exponentially. In order to obtain such a "bound" state at the interface, the following conditions must be satisfied [1]: ε d .ε m (ω)<0 ε d +ε m (ω)<0 (2.3) where, ε d is the dielectric constant of the dielectric layer. The dielectric constant of a real metal is complex and it may be expressed as:

𝜀 𝑚 (𝜔) = 𝜀 𝑚 ′ (𝜔) + 𝑖𝜀 𝑚 ′′ (𝜔) (2.4) where 𝜀 𝑚 ′ (𝜔) and 𝜀 𝑚 ′′ (𝜔) are respectively the real and imaginary parts of the dielectric constant of the metal.

As for the dielectric layer, its dielectric constant ε d is real and positive and varies little with frequency. Thus, in order to meet the condition in equation (2.2), 𝜀 𝑚 ′ (𝜔) must be negative. For certain metals, especially noble metals, in the visible and infrared region, 𝜀 𝑚 ′ (𝜔) is negative, Under the TE condition, the electromagnetic field in the dielectric (𝑧 > 0) (see Fig. 1) may be described as:

𝜀 𝑚 ′′ ( 
𝐻 𝑑 = (𝐻 ̃𝑥,𝑑 , 0, 𝐻 ̃𝑧,𝑑 )(𝑒 𝑖𝑘 𝑥 𝑥 𝑒 𝑖𝑘 𝑧,𝑑 𝑧 e -it ) (2.6)

𝐸 𝑑 = (0, 𝐸 ̃𝑦,𝑑 , 0)(𝑒 𝑖𝑘 𝑥 𝑥 𝑒 𝑖𝑘 𝑧,𝑑 𝑧 e -it )

(2.7)

The electromagnetic field in the metal (𝑧 < 0) may be described as:

𝐻 𝑚 = (𝐻 ̃𝑥,𝑚 , 0, 𝐻 ̃𝑧,𝑚 )(𝑒 𝑖𝑘 𝑥 𝑥 𝑒 -𝑖𝑘 𝑧,𝑚 𝑧 e -it ) (2.8)

𝐸 𝑚 = (0, 𝐸 ̃𝑦,𝑚 , 0)(𝑒 𝑖𝑘 𝑥 𝑥 𝑒 -𝑖𝑘 𝑧,𝑚 𝑧 e -it )

(2.9)

where, 𝐻 𝑑 and 𝐻 𝑚 are the magnetic fields in the dielectric and metal layers respectively and 𝐻 𝑥,𝑑 and 𝐻 𝑥,𝑚 are the 𝑥 components of the magnetic field in the dielectric and metal (𝐻 ̃𝑥,𝑑 and 𝐻 ̃𝑥,𝑚 are the amplitudes of the 𝑥 components of the magnetic field in the dielectric and metal layers). 𝐻 𝑧,𝑑 and 𝐻 𝑧,𝑚 are the 𝑧 components of the magnetic field in the dielectric and metal (𝐻 ̃𝑧,𝑑 and 𝐻 ̃𝑧,𝑚 are the amplitudes of the 𝑧 components of the magnetic field in the dielectric and metal layers). The electric field is defined similarly.

When there are no free currents at the interface, the boundary condition in the 𝑥 direction requires that: 𝐻 𝑥,𝑑 = 𝐻 𝑥,𝑚 at 𝑧 = 0. The boundary condition in the 𝑦 direction requires that:

𝐸 𝑦,𝑑 = 𝐸 𝑦,𝑚 at 𝑧 = 0. The boundary condition in the 𝑧 direction requires that: 𝐻 𝑧,𝑑 = 𝐻 𝑧,𝑚 .

With these three boundary conditions applied to equations (2.6)-(2.9), as well as the Maxwell- = -𝑖𝜔𝜀𝜀 0 𝐸 𝑦 ) assuming harmonic time dependence, we obtain that:

𝑘 𝑧,𝑑 + 𝑘 𝑧,𝑚 = 0 (2.10)

In order to have a surface wave, 𝑘 𝑧,𝑗 must be imaginary and 𝐼𝑚[𝑘 𝑧,𝑗 ] > 0. Thus, equation (2.10) cannot be fulfilled. As a result, SPPs are not TE modes.

Next, we consider a transverse magnetic (TM) wave. In the TM condition, only 𝐸 𝑥 , 𝐸 𝑧 and 𝐻 𝑦 are nonzero. 𝐸 𝑥 , 𝐸 𝑧 and 𝐻 𝑦 are the electric field in 𝑥 direction, the electric field in the 𝑧 direction and the magnetic field in the 𝑦 direction respectively. Each component is sketched in Under the TM condition, the electromagnetic field in the dielectric (𝑧 > 0) (see Fig. 2) may be described as:

𝐻 𝑑 = (0, 𝐻 ̃𝑦,𝑑 , 0)(𝑒 𝑖𝑘 𝑥 𝑥 𝑒 𝑖𝑘 𝑧,𝑑 𝑧 e -it ) (2.11)

𝐸 𝑑 = (𝐸 ̃𝑥,𝑑 , 0, 𝐸 ̃𝑧,𝑑 )(𝑒 𝑖𝑘 𝑥 𝑥 𝑒 𝑖𝑘 𝑧,𝑑 𝑧 e -it ) (2.12)

The electromagnetic field in the metal (𝑧 < 0) can be described as:

𝐻 𝑚 = (0, 𝐻 ̃𝑦,𝑚 , 0)(𝑒 𝑖𝑘 𝑥 𝑥 𝑒 -𝑖𝑘 𝑧,𝑚 𝑧 e -it ) (2.13)

𝐸 𝑚 = (𝐸 ̃𝑥,𝑚 , 0, 𝐸 ̃𝑧,𝑚 )(𝑒 𝑖𝑘 𝑥 𝑥 𝑒 -𝑖𝑘 𝑧,𝑚 𝑧 e -it ) (2.14) where, 𝐸 𝑥,𝑑 and 𝐸 𝑥,𝑚 are the 𝑥 components of electric field in the dielectric and metal (𝐸 ̃𝑥,𝑑 and 𝐸 ̃𝑥,𝑚 are the amplitudes of the 𝑥 components of the electric field in the dielectric and metal layers). 𝐸 𝑧,𝑑 and 𝐸 𝑧,𝑚 are the 𝑧 components of the electric field in dielectric and metal (𝐸 ̃𝑥,𝑑 and 𝐸 ̃𝑥,𝑚 are the amplitudes of the 𝑧 components of the electric field in the dielectric and metal layers). The magnetic field is defined similarly.

By applying the boundary conditions of the electromagnetic field, when there is no free charge, the boundary condition in the 𝑧 direction requires: 𝜀 𝑑 𝐸 𝑧,𝑑 = 𝜀 𝑚 𝐸 𝑧,𝑚 . When there is no free current, the boundary condition in the 𝑦 direction requires that: 𝐻 𝑦,𝑑 = 𝐻 𝑦,𝑚 . The boundary condition in the 𝑥 direction requires: 𝐸 𝑥,𝑑 = 𝐸 𝑥,𝑚 . According to these three boundary conditions applied to equations (2.11)- (2.14), as well as the Maxwell-Faraday and Maxwell-Ampere equations for TM waves ( assuming harmonic time dependence, we obtain that:

𝜀 𝑚 𝜀 𝑑 = - 𝑘 𝑧,𝑚 𝑘 𝑧,𝑑 (2.15) 
Besides 𝑘 𝑥 2 + 𝑘 𝑦 2 + 𝑘 𝑧 2 = 𝑘 2 , 𝑘 𝑦 = 0, and 𝑘 = 𝜀𝑘 0 then:

In the dielectric layer, we have:

𝑘 𝑥 2 + 𝑘 𝑧,𝑑 2 =𝜀 𝑑 𝑘 0 2 (2.16)
In the metal layer, we have:

𝑘 𝑥 2 + 𝑘 𝑧,𝑚 2 =𝜀 𝑚 𝑘 0 2 (2.17) 
Combined with equations (2.15), (2.16) and (2.17), we can get:

𝑘 𝑆𝑃𝑃 = 𝑘 𝑥 = 𝑘 0 √ 𝜀 𝑚 (𝜔)𝜀 𝑑 𝜀 𝑚 (𝜔)+𝜀 𝑑 (2.18) 
The expression in equation (2.18) describes the dispersion relation of SPPs propagating at the interface between a dielectric and a metal.

Figure 3 plots the SPP dispersion relation at an Au/air and an Au/glass interface from equation (2.1) (expression for 𝜀 𝑚 (𝜔)) and equation (2.18) (SPP dispersion relation). The light line in free space (green dotted line) and in the glass (black dotted line) are also plotted. We can see that for the same energy, the SPP wavevector at an Au/air interface is always larger than that for light in air. Additionally, the wavevector of SPPs at an Au/glass interface and the wavevector of light in glass are always larger than the corresponding wavevectors in air. As a result, if both SPPs and photons are traveling in the same medium, a wavevector mismatch will always exist.

Figure 3. Dispersion relation for SPPs at an Au/air interface (red line) and an Au/glass interface (blue line). Dispersion relation for light in air (green dotted line) and in glass (black dotted line). This graph is obtained using a Matlab program (equation 2.1 and 2.18). For gold,

 p is taken as 13.8 × 10 15 𝑠 -1 and 𝛤 is taken as 1.075 × 10 14 𝑠 -1 [1].

From the equation (2.4), since the dielectric constant of a metal is complex, the wavevector 𝑘 𝑆𝑃𝑃 is also complex with a real part 𝑘 𝑆𝑃𝑃 ′ and an imaginary part 𝑘 𝑆𝑃𝑃 ′′ :

𝑘 𝑆𝑃𝑃 = 𝑘 𝑆𝑃𝑃 ′ + 𝑖𝑘 𝑆𝑃𝑃 ′′ (2.19)
The real part 𝑘 𝑆𝑃𝑃 ′ determines the wavelength of SPPs while the imaginary part 𝑘 𝑆𝑃𝑃 ′′ determines the damping of the SPPs when they propagate along the interface.

From equation (2.18), we can obtain the wavelength of SPPs:

𝑘′ 𝑆𝑃𝑃 = 2𝜋 𝜆 𝑆𝑃𝑃 ; 𝜆 𝑆𝑃𝑃 = 𝜆 0 𝑅𝑒[√ (𝜀 𝑚 +𝜀 𝑑 ) 𝜀 𝑚 𝜀 𝑑 ] (2.20)
where 𝜆 0 is the wavelength of light in free space.

In the case where the imaginary part of the dielectric function is small i.e.

|𝜀 𝑚 ′′ | ≪ |𝜀 𝑚 ′ |,
the propagation length can be approximated as [1]:

𝐿 𝑆𝑃𝑃 = 1 2𝑘 𝑆𝑃𝑃 ′′ = 𝑐 𝜔 ( 𝜀 𝑚+𝜀 𝑑 ′ 𝜀 𝑚 ′ 𝜀 𝑑 ) 3 2 𝜀 𝑚 ′ 2 𝜀 𝑚 ′′ (2.21)
The SPP intensity decreases as the plasmon wave propagates due to ohmic losses of the electrons participating in the SPPs, which results in the heating of the metal [2]. Figure 4 plots the propagation lengths of SPPs at an Au/air interface for different wavelengths. shows the relation by using the dielectric constant of gold derived from Johnson and Christy [3]. Both of them shown that the propagation length increases with increasing wavelength for this interface and this is due to the loss of gold at longer wavelength becomes smaller. While SPPs propagate in the plane of the interface, their amplitude exponentially decays in the direction perpendicular to the interface. Considering the penetration length along the 𝑧 axis 𝑑 𝑧,𝑗 = 1/2 𝐼𝑚(𝑘 𝑧,𝑗 ) [1], it defines the energy confinement along the 𝑧 direction. Here, 𝑘 𝑧,𝑗 can be expressed as:

𝑘 𝑧,𝑗 = 𝜔 𝑐 √ 𝜀 𝑗 2 𝜀 𝑚 +𝜀 𝑑 (2.22)
where j=m in the metal and j=d in the dielectric. When SPPs propagate at an Au/air interface, the penetration length in Au and air layer can be calculated as 13 𝑛𝑚 and 220 𝑛𝑚 respectively for 𝜆 0 = 700 𝑛𝑚 by employing the dielectric constants from Johnson and Christy [3].

Methods for SPP excitation

Last section we discussed the basic properties of SPPs. In this section, we will elaborate on the general ways to excite SPPs as well as emphasize the way we use in my thesis. The different methods to excite SPPs may be divided into two categories: optical excitation and electrical excitation.

Optical excitation

The optical excitation of SPPs includes far field optical excitation and near field optical excitation. SPPs on a flat metal/dielectric interface cannot be directly excited by light beams from the far field, since, as the dispersion curves show in Fig. 3, there is a clear mismatch between the wavevector of SPPs at an Au/air interface and the wavevector of light in air. To compensate this mismatch, prism and grating configurations are proposed to increase the wavevector of light. For a specific incident angle 𝜃, the evanescent wave can excite SPPs at the metal/air interface only when it satisfies:

𝑛𝑘 0 𝑠𝑖𝑛𝜃 = 𝑘′ 𝑆𝑃𝑃 (2.23)
where 𝑛 is the refractive index of the glass prism and 𝑘 0 is the incident wavevector in free space. 𝑘′ 𝑆𝑃𝑃 is the SPP wavevector at a metal/air interface.

In the Otto configuration indicated in Fig. 5 (b), the prism is separated from the metal film by a thin air gap. Similar to the Kretschmann configuration, total internal reflection will take place at the prism/air interface and the evanescent wave can "tunnel" through the air gap.

Consistent with what is mentioned above (equation (2.23)), SPPs can also be excited at a metal/air interface by the evanescent wave. Compared with the Kretschmann configuration, the Otto configuration is less popular because it is difficult to control the width of the air gap.

In the grating configuration in Fig. 5 (c), the necessary increase in the photon wavevector to match the SPP wavevector is achieved by adding a reciprocal lattice vector of the grating to the in-plane wavevector. Phase matching takes place whenever the condition below is fulfilled [6]:

𝑘 𝑆𝑃𝑃 = 𝑘 0 sin 𝜃 ± 𝑚 2𝜋 𝑎 (2.24)
Here, 𝑘 0 is the wavevector of incident light, 𝜃 is the incident angle, 2𝜋 𝑎 is the reciprocal vector of the grating, 𝑎 is the period of the grating, and 𝑚 is an integer. To reduce the size of the SPP excitation source, near field optical excitation may be used.

Scanning near-field optical microscope (SNOM) excitation [7] is commonly used as a near field optical excitation technique and it is sketched in Fig. 6. The excitation laser is focused through a metalized aperture with a diameter smaller than the excitation wavelength, resulting in an evanescent field. At the same time, the aperture-sample distance is kept less than half the wavelength, therefore, light does not propagate before it interacts with the sample. Confined light fields thus include the evanescent waves with different wavevector components of 𝑘 𝑥 .

Using the coordinate system of Fig. 2 (a), the evanescent waves decay in the 𝑧 direction, so that:

𝑘 𝑧 ≅ 𝑖|𝑘 𝑧 | (2.25)
Since 𝑘 0 2 = 𝑘 𝑥 2 + 𝑘 𝑧 2 , combining this with equation (2.25), we infer that:

𝑘 𝑥 2 > 𝑘 0 2 (2.26)
Since 𝑘 𝑥 2 > 𝑘 0 2 , the evanescent wave can excite SPPs at the metal/air interface because as shown from the dispersion curve in Fig. 3, the 𝑘 𝑆𝑃𝑃 wavevector is larger than 𝑘 0 . Thus a phase matching (momentum matching) condition can be found between an evanescent wave in air and the SPPs at an air/metal interface.

Figure 6. Local excitation of SPPs using near field illumination with a scanning near field optical microscope (SNOM).

Other ways to produce the confined light fields and an evanescent wave that can match the parallel wavevector of SPPs and thus excite them include using subwavelength apertures [7],

metallic particles [8], and fluorescent molecules [9].

Electrical excitation

Besides the above-mentioned optical excitation, SPPs can also be excited by high-energy electrons (~ 𝑘𝑒𝑉), for example, in a scanning electron microscope (SEM) [10]. The main mechanism for the SEM excitation of SPPs in a metal can be explained as follows [11]. When a high-energy electron approaches the metallic surface, it will interact with the free charge in metal, leading to an image charge which has the opposite sign (illustrated in Fig. 7 (a)). As soon as the electron reaches the surface, the image charge suddenly disappears and this process may be approximated as a vertical oscillating dipole. The effective dipole either decays as radiation or excites surface plasmon polaritons [12] and this process is sketched in Fig. 7 (b). Low-energy electrons (~ 𝑒𝑉) can also excite SPPs. A tunnel junction is required for the low-energy excitation. When a potential difference is applied between two conductors separated by about a nanometer, electrons will tunnel from one side of the potential barrier to the other.

Such a tunnel junction exists, for example, between the tip of a scanning tunneling microscope (STM) and a metallic sample. Most electrons will tunnel elastically i.e., without losing their energy as indicated in Fig. 8 (a). It is proposed that very few electrons (at most 1in 100 electrons) [13] will cross the barrier inelastically and lose all or part of their energy as indicated in Fig. 8 (b). This released energy can lead to radiation into photons or excite a localized gap plasmon in the tunnel junction between the tip and the metal surface. The gap plasmon can radiatively decay or excite propagating surface plasmons. This mechanism may be considered as a oscillating vertical dipole in the cavity formed by the STM tip and the metal surface [14].

Generally, the power spectrum of the emission radiated from a tunnel junction is modeled as the product of a source term given by inelastic tunneling statistics (∝(𝑒𝑉 -ℏ𝜔), for ℏ𝜔 ≤ 𝑒𝑉; 0 otherwise [15]) and an emission term related to the local density of electromagnetic states (EM-LDOS) [16]. As a result, the radiation has a broad power spectrum that spreads over the infrared and part of the visible range and falls to zero at energy 𝑒𝑉 (quantum cutoff). Note that 𝑉 is the applied voltage.

Using the calculation of Rendell & Scalapino [17], for a tip radius of ≈ 50 𝑛𝑚 and a tip sample distance of ≈ 1 𝑛𝑚, the gap plasmon size is on the order of 10 𝑛𝑚. Therefore, we can estimate that the size of the STM-nanosource is on the same order as the gap plasmon size. Inelastic tunneling: a small percentage of the tunnel electrons may release all or part of their energy in the barrier. This energy maybe emitted as light or used to excite SPPs.

In my thesis, I use a scanning tunneling microscope (STM) to excite SPPs. The STM was invented in 1982 by Gerd Binnig and Heinrich Rohrer [18], for which they shared the Nobel Prize in physics in 1986. The first light emission from the STM tunnel junction was observed by Gimzewski et al in 1988 [19].

The basic working principle of STM is illustrated below in Fig. 9. A sharp metallic tip is brought in close vicinity (0.1-1 𝑛𝑚) to a conducting sample and when a voltage is applied between the tip and the sample, electrons will tunnel through the gap and the electrical current can be measured. The position of the tip in three dimensions is precisely controlled by the piezo scanner. The sample is positively biased (in our case) so that tunneling current will flow from the tip to the sample when the tip is on the order of 1 𝑛𝑚 from the sample. The tunnel current will be amplified and measured. With the help of the feedback loop of the distance control electronics, the tip-sample distance is adjusted to keep the tunnel current constant. If the tunneling current exceeds the setpoint value, for example, the feedback loop will send a signal to increase the tipsample separation.

In the constant current mode, the tip is scanned across the sample while the tunnel current is kept constant by the feedback circuit. In order to keep the current constant, the system continuously adjusts the tip-sample separation by applying a voltage to the applicable piezo (𝑧 piezo in the figure above). The changes in the voltage applied to the 𝑧 piezo give rise to the topographic image.

Leakage radiation microscopy

Above, we introduced the basic theoretical background of SPPs, we compared various ways of exciting SPPs and we detailed the electrical excitation of SPPs using an STM. In this section, we will introduce leakage radiation microscopy (LRM) which may be used for the detection and imaging of SPPs traveling on a thin metal film.

As early as in 1976, the first observations of leakage radiation from SPPs propagating on a thin metal film was reported by Simon et al. [20]. From the dispersion curve in Fig. 

𝑘 𝐿𝑅 = 𝑛 𝑔𝑙𝑎𝑠𝑠 𝑘 0 (2.28)
where 𝑘 0 is the wavevector in free space, 𝑛 𝑔𝑙𝑎𝑠𝑠 is the refractive index of the glass substrate. From the equation (2.27), we see that:

𝜃 𝐿𝑅 = sin -1 ( 𝑅𝑒(𝑘 𝑆𝑃𝑃 ) 𝑛 𝑔𝑙𝑎𝑠𝑠 𝑘 0 ) (2.29)
The air/glass critical angle 𝜃 𝑐𝑟𝑖𝑡𝑖𝑐𝑎𝑙 is equal to:

𝜃 𝑐𝑟𝑖𝑡𝑖𝑐𝑎𝑙 = sin -1 ( 1 𝑛 𝑔𝑙𝑎𝑠𝑠 ) (2.30)
From the equation (2.18), when the dielectric is air, we know that

𝑘 𝑆𝑃𝑃 𝑘 0 = √ 𝜀 𝑚 𝜀 𝑚 +1
(2.31)

As 𝜀 𝑚 < 0, |𝜀 𝑚 | > |𝜀 𝑑 |, so 𝑘 𝑆𝑃𝑃 𝑘 0 > 1.
Then we can infer that:

𝜃 𝐿𝑅 > 𝜃 𝑐𝑟𝑖𝑡𝑖𝑐𝑎𝑙 (2.32)
Note that for an air objective lens, the maximum theoretical acceptance angle is 𝜃 𝑐𝑟𝑖𝑡𝑖𝑐𝑎𝑙 ! For the objective, the acceptance is determined by the numerical aperture (NA). NA is given by:

𝑁𝐴 = 𝑛 sin 𝜃 (2.33)
where 𝑛 is the refraction index of the medium in which the lens is working and if 𝑛 = 1, it is for air. 𝜃 defines emission angle (i.e. 𝑁𝐴 𝑎𝑖𝑟 𝑚𝑎𝑥 = 𝑛𝑠𝑖𝑛𝜃 𝑚𝑎𝑥 = 𝑠𝑖𝑛𝜃 𝑚𝑎𝑥 = 1).

Thus an air objective lens cannot collect light emitted at an angle 𝜃 𝐿𝑅 . To overcome this problem, one solution is to use high refractive index matching oil added below a flat glass substrate and use an oil immersion objective. The refractive index of oil is equal to that of the glass substrate so that leakage radiation is directed through the glass substrate to the objective lens for collection at an angle equal to the emission angle. The LRM with an oil immersion objective is illustrated in Fig. 11. In our case, we use an oil immersion objective with 𝑁𝐴 = 1.49 or 1.45 and 𝑛 = 1.52.

Figure 11. Leakage radiation collected with an oil immersion objective. With an oil immersion

objective, the leakage radiation will be directed through the substrate to the objective.

Fourier and real space imaging

In this section, we will introduce real and Fourier space imaging and especially focus on Fourier space imaging. As we introduced in the previous section, propagating SPPs on an air/metal interface can "leak" through a thin metal film and emit photons in a substrate with higher index of refraction (e.g., glass). This emission is at a well-defined angle in the glass since at this angle the dispersion relation is matched between surface plasmons at meta/air interface and photons at glass substrate. Fourier space imaging provides a way to measure at what angle the light is emitted. Note that the technique of Fourier space imaging may be used not only to measure the leakage radiation angle, but also at what angle light from SPPs is scattered. Fourier space analysis of both leakage radiation and scattered light are carried out in this thesis.

A single thin lens realizes the Fourier transform of the object and the Fourier transform image lies in the back focal plane of the lens. Note that the field distribution in the Fourier plane is the Fourier transform of the field distribution in the object plane. The back focal plane is illustrated in Fig. 12 (see the yellow dotted line). Parallel beams which originate from the object with spatial dimension 𝑟 (see these light beams with the same emission angle (𝜃)) will converge at the same point on the back focal plane of the first lens 𝐿 1 (e.g. objective lens). For an aplanatic objective, there exists a relationship between the angle of emission 𝜃 from the objective's focus and radius 𝜌 (see in Fig. 12, the radial distance from the optical axis) in the back focal plane of the objective, given by [22]:

𝜌 = 𝑓 1 𝑛𝑠𝑖𝑛𝜃 (2.34)
where 𝑛 is the refraction index of the medium in which the lens is working.

In the experiment, from the given equation (2.34), we can measure 𝜌 and determine the light emission angle 𝜃.

Besides, 𝜌 is also given by [23]:

𝜌 = 𝑓 1 𝑘 ∥ 𝑘 0 (2.35)
where 𝑘 ∥ is the wavevector of the emitted light in the direction parallel to the interface and 𝑘 0 is the wavevector of light in free space. From equation (2.35), we can derive the relation between 𝜌 and the in-plane wavevector of the emitted light.

Next, we discuss the real space image. After light propagates from the back focal plane, it passes through the second lens 𝐿 2 (e.g. the tube lens) and realizes another Fourier transform.

An image of the object is formed in the image plane (purple dotted line in Fig. 12). The image at the image plan corresponds to the real space image. Thus, from the real space image, we can obtain the spatial distribution of the emitted light. Note that the real space image of a vertical oscillating dipole (i.e., the STM-nanosource) is that of a "doughnut". 

Radially polarized light

In this section, we will briefly introduce the concept of radially polarized light because in chapter 3, a radially polarized microsource is achieved via the STM excitation of a plasmonic lens.

Radially polarized light beams belong to the family of cylindrical vector beams. Their main characteristic is that their polarization vector is radially oriented with respect to the central axis of the beam (i.e., their polarization spatially varies). The radial vector is drawn from the center of the beam as illustrated in Fig. 13 (a). Figure 13 Radially polarized light has attracted great interest due to the spatial varying orientation of the electric field. Figure 14 compares focusing for a linearly polarized and for a radially polarized beam [24]. In the graph, 𝐸 0 ⃗⃗⃗⃗ and 𝑘 0 ⃗⃗⃗⃗ respectively represent the electric field vector and wave propagation direction. In Fig. 14 Radially polarized beams can be expressed as the superposition of orthogonally polarized Hermite-Gauss 𝐻𝐺 01 and 𝐻𝐺 10 modes [25]: 

𝐸 𝑟 ⃗⃗⃗⃗ = 𝐻𝐺

Electronic and electromagnetic local density of states

In this section, the electronic and electromagnetic local density of states will be introduced.

In solid-state physics, the electronic density of states (E-DOS) describes the number of electronic states per volume per interval of energy. When referring to the electronic DOS at a given position, formally it is described as electronic local density of states (E-LDOS). STM has been shown to measure the E-LDOS at the surface of a metal [26]. For the STM, the tunneling current in the low voltage limit is proportional to the E-LDOS [START_REF] Chen | Introduction to Scanning Tunneling Microscopy Second Edition[END_REF]:

𝐼 ∝ 𝜌 𝑠 (𝐸 𝐹 ) (2.37)
where, 𝐼 is the tunnel current. 𝐸 𝐹 is Fermi energy and 𝜌 𝑠 is the E-LDOS in the sample.

Similarly, the electromagnetic LDOS (EM-LDOS) is a sum weighted by the local amplitude of the electromagnetic modes at a particular point in space [START_REF] Carminati | Electromagnetic density of states in complex plasmonic systems[END_REF], and in this thesis we refer to it as the optical LDOS. In other words, the projected EM-LDOS is proportional to the power emitted by a dipole of a particular orientation, while the full EM-LDOS describes the emitted power from the three perpendicular dipole orientations. These underlying modes can be photonic or plasmonic. In this thesis, the modes involved are mainly the localized plasmon modes. Measuring the EM-LDOS in plasmonic structures is a major issue, since the EM-LDOS drives the basic processes of light-matter interactions such as spontaneous emission (fluorescence) and absorption [START_REF] Drexhage | Influence of a Dielectric Interface on Fluoresence Decay Time[END_REF].

Experimental setups 2.7.1 Veeco setup

During my thesis, two experimental setups are employed (their differences will be discussed at the end of this section). The first one is called the "Veeco" setup (named after the STM head supplier). The "Veeco" setup is shown in Fig. 16 and it includes four main parts: a scanning tunneling microscope, an inverted optical microscope, CCD cameras and a spectrometer.

Figure 16. Experimental "Veeco" setup. The STM head is mounted above an inverted optical microscope. The cooled Roper CCD camera is mounted at the left port and Axio CCD camera is mounted at the front port. An optical fiber which is connected to a spectrometer equipped with a cooled camera is mounted at the right port.

Scanning tunneling microscope and tips

The STM is the main part in the experiment for exciting SPPs and it is shown as the red circle in Fig. 16. The STM (Veeco Bioscope, hybrid head, NanoScope IVa) can be used either as an STM or as an Atomic Force Microscope (AFM). We have already introduced the working principle of STM in section 2.2.2 and constant current mode is used during all the experiments.

Metallic tips are mounted on the STM head. In our experiment, we use tungsten (W) tips.

As we already discussed in section 2.1, ε m <0is a requirement for SPPs to exist. In the visible range, the real part of the dielectric constant of W is positive so W tips display dielectric properties rather than metallic optical properties for this frequency range. As a result, W tips are chosen for experiments in order to avoid the impact of a plasmonic response of the tip [START_REF] Moal | Engineering the emission of light from a scanning tunneling microscope using the plasmonic modes of a nanoparticle[END_REF].

The W tips are etched in a 5 mol/L NaOH solution using a direct current electrochemical process [START_REF] Benoit | Excitation électrique local de nanostructures plasmoniques par la point d'un microscope à effect tunnel[END_REF]. Figure 17 (a) shows a scanning electron microscope (SEM) image of our etched W tip which displays a symmetrical shape and Fig. 17 

Inverted optical microscope

The STM head is mounted on a Zeiss Axiovert 200 inverted optical microscope. In the inverted optical microscope, three objective lenses are available. Different objective lenses are chosen for conducting different kinds of experiments. The first one is an air objective lens with a magnification of 10 × and a numerical aperture (𝑁𝐴) of 0.3. It is used for roughly positioning the sample easily. The second one is an air objective lens with a magnification of 100 × and its 𝑁𝐴 is 0.75. It is used for collecting light originating only from localized SPPs (see section 2.3).

The third one is an oil immersion objective with a magnification of 100 × and an 𝑁𝐴 of 1.45. This is mainly used for collecting leakage radiation and scattered light from both propagating and localized SPPs. This oil immersion objective is the one used most frequently.

Below the objective, bandpass filters (e.g., 700/13 𝑛𝑚) or polarizers may be added, for example, there is a drawer for such optical elements which is indicated as the yellow circle in 

Light detection systems

As shown in Fig. 16, in the "Veeco" setup, we have three light detectors. The first detector is an uncooled color Axio camera (AxioCam ICc, Zeiss) which is indicated as the blue circle in position and also as it is colored (could display colored image), from personal experimental experience, by changing the focus, it is easier to distinguish the small nanoparticles deposited on the sample with this camera.

The second detector is a water-circulation cooled CCD (charge coupled device) camera (Roper, Scientific, Princeton Instruments) which is indicated as the orange circle in Fig. 16. It is cooled to -70° for operation. This Roper camera has 1024 × 1024 pixels and the pixel size is 13 µ𝑚 × 13 µ𝑚. This camera is the core equipment in our experiment. With it, the light emitted is collected through the substrate and imaged. Both real space and Fourier space images (introduced in section 2.4) may be recorded. One pixel in the Roper camera in the real space image corresponds to 130 𝑛𝑚 (13 µ𝑚/100) in the object plane when used with the 100 × objective. In the Fourier space image, the resolution is 0.027𝑘 0 per pixel (The 𝑁𝐴 = 1.45 and in the Fourier space image, light may be collected for a radius up to ≈ 54 pixels and 𝑘 0 is the wavevector in free space. Its unit is 𝑛𝑚 -1 ).

The third detector is a cooled CCD camera (Symphony LN2) coupled to an optical spectrometer (Triax 190, Horiba-Jobin Yvon). The CCD camera is cooled with liquid nitrogen and operates at 150 𝐾. A bundle of 49 optical fibers is used for sending the emitted light to the spectrometer. The spectrometer can be used with two different diffraction gratings or a mirror.

The first grating is a blazed grating with a grating density of 300 g/mm (grooves per millimeter).

It is designed to operate at a central wavelength of 600 𝑛𝑚 and cover a spectral range that is 400 𝑛𝑚 wide. The second grating is a holographic grating with a grating density of 150 g/mm.

It is designed to operate at a central wavelength of 800 𝑛𝑚 and cover a spectral range that is 800 𝑛𝑚 wide. Comparing these two gratings, we see that higher groove density results in greater dispersion and higher wavelength resolution but is accompanied by a smaller spectral range.

JPK setup

The second setup used during my PhD will be called the "JPK" setup (the STM head is supplied by JPK Instruments). The "JPK" setup is shown in Fig. 19 and is located on a larger optical table ( 1.2 𝑚 × 1.8 𝑚 ) than the "Vecco" setup. Figure 19 shows a picture of the experiment. Besides the optical elements, the main instruments include: an STM head, an inverted optical microscope, optics for laser excitation (detailed in chapter 5), CCD cameras, an imaging spectrometer, an APD (avalanche photodiode detector). Laser excitation is provided via an optical fiber which is coupled to a He-Ne laser (633 𝑛𝑚) located outside of the box. An avalanche photodiode detector is also mounted on the right port of the inverted optical microscope.

STM head and inverted optical microscope

For the STM head, we use the Nanowizard®3NanoScience head from JPK Instruments.

Similar to the "Veeco" setup, it also can be used for both AFM and STM. Tungsten tips are also used in this set-up.

The inverted optical microscope is an Eclipse Ti-U from Nikon. The main objective lens we used is an oil immersion objective with magnification of 100 × and an 𝑁𝐴 of 1.49.

Light detection systems

From Fig. 19, we see that there are three different detectors. The first light detection device is a CCD camera which is a liquid cooled Andor camera (iKon-M, Andor Technology) and it is shown as the blue circle in Fig. 19. The camera uses Peltier cooling and chilled water air circulation to reach a temperature of -90°𝐶. The Andor camera has 1024 × 1024 pixels and the pixel size is 13 µ𝑚 × 13 µ𝑚. Here, unlike the "Veeco" setup, the tube lens (with focal length of 𝑓 𝑇 = 200 𝑚𝑚) inside the microscope is not used to form the image on this CCD camera. Instead, another tube lens (indicated as the white circle in Fig. 19) with a focal length of 𝑓 𝑇 ′ = 300 𝑚𝑚 is mounted externally. Thus, when the CCD records the image, the magnification is 150 × (𝑓 𝑇 ′ /𝑓 𝑂 ) rather than 100 × ( 𝑓 𝑇 /𝑓 𝑂 ). As a result, one pixel in the image plane of the Andor camera corresponds to 86 𝑛𝑚 (13 µ𝑚/150) in the object plane. In the Fourier space image, the resolution is calculated as 0.01𝑘 0 per pixel (The 𝑁𝐴 = 1.49 and in the Fourier space image, light is collected up to a radius of ≈152 pixels). Compared with the "Veeco" setup, the "JPK" setup has better resolution in both the real and Fourier space images.

However, in terms of the diffraction limit for microscope, according to "Abbe diffraction limit" for light with vacuum wavelength 𝜆 0 , traveling in a medium with refractive index 𝑛, the smallest distance between two distinguishable objects is:

𝑑 = 𝜆 0 2𝑛𝑠𝑖𝑛𝜃
(2.37)

According to equation (2.37), 𝑑 is around to 200 𝑛𝑚 for 𝜆 0 = 600 𝑛𝑚 for both the "Veeco" and "JPK" setups. Thus for the "JPK" setup, with 1 pixel per 86 𝑛𝑚 in the object plane, the Shannon Criterion is met and the spatial resolution of the imaging system is not limited by the pixel size.

The second light detection system (shown as the yellow circle in Fig. 19) is an imaging spectrometer which is from Horiba Instruments. It combines an iHR320 spectrometer with a Synapse CCD detector. This spectrometer also contains two gratings and a mirror inside it. The first grating has a groove density of 600 g/mm. The second grating has a groove density of 150 g/mm. The CCD is cooled to -80°𝐶 and it has 1024 × 256 pixels. The pixel size is 26 µ𝑚 × 26 µ𝑚.

All the spectra in this thesis are acquired using this spectrometer. The acquired spectra must be corrected for the spectral response of the different parts of the experiment, i.e., the transmission efficiency of the objective, the spectral efficiency of the grating and the quantum efficiency of the CCD detector. Figure 20 presents that the spectral response to each element and the total detection efficiency of the spectrometer as a function of wavelength. Here, all the data are provided by the company of our instrument. We can see that the maximum total efficiency is only around 50% at around 𝜆 = 500 𝑛𝑚. Note that the collection efficiency is not taken into account here. The third light detecting device (shown as the purple circle in Fig. 19) is a single photon counting detector. This device detects all the light emitted from around a 50 µ𝑚 2 area of the image plane within its sensitivity range (400 -100 𝑛𝑚). The photons are detected using an APD (avalanche photodiode, Excelitas). The TTL output signal from the photodiode is integrated by the STM controller (JPK Vortis ™ Advanced-fully digital SPM Control Station).

The APD works for the wavelength range of 400 𝑛𝑚 -1060 𝑛𝑚 and the highest photon detection efficiency is 70% at a wavelength of around 700 𝑛𝑚.

Our APD is superior in terms of its dark count. Generally, the lowest dark count for other

Excelitas APDs is about 25 counts per second. With our APD, however, we can reach 5 counts per second with no illumination. Figure 21 shows an experimental test where the APD signal is recorded as a function of time while it is in the dark. The measured dark count rate is 6 counts per second. 

Comparison between the "Veeco" and "JPK" setups

To conclude this section, we will compare the two setups that have been introduced. The differences between these two setups lie mainly in the light detection systems.

First, we will compare the differences in the setups for real and Fourier space imaging.

Figures 22 (a) and 22 (b) show ray tracing diagrams for real space imaging for the "Veeco" and "JPK" setups respectively. In both systems, the objectives are infinity corrected, or in other words, the image after the objective is at infinity (i.e., the light rays are parallel). In the "Veeco" setup (Fig. 22 (a)), after the objective lens, there is a tube lens (inside the microscope) which focuses the image on the CCD camera. In the "JPK" setup (Fig. 22 (b)), there are two more lenses 𝐿 1 and 𝐿 2 . The advantage of having two more lenses is that now the image and Fourier planes may be replicated outside the microscope. For example, position B in Fig. 22 (b) represents the Fourier space image location, and if we add a mask at this location to block certain emission angles, the filtered real space image (made up of e.g., only light emitted at 𝜃 > 𝜃 𝑐 ) can be recorded. the "Veeco" and "JPK" setups, respectively. In the Fourier space imaging technique, both setups have the same number of lenses. However, for the "JPK" setup, an intermediate real space image is formed at position A (image plane of the tube lens). So at position A, a mask may be added to block the light emitted from certain locations and thus, the CCD camera can record a filtered Fourier space image acquired with light emitted from only specific locations on the sample. Another advantage of the "JPK" setup is that the imaging spectrometer can record angularly resolved spectral images by projecting the Fourier space image on the entrance of the spectrometer. This technique will be detailed in chapter 3.

An advantage of the "Veeco" setup is that it is installed in a glove box that can be filled with nitrogen, which allows the study of oxygen-sensitive systems.

Conclusion

In conclusion, in this chapter, the theoretical background related to SPPs is described. It is seen that SPPs are TM waves. We also derive the SPP dispersion relation. Different optical and electrical techniques for exciting of SPPs are detailed. The STM excitation of SPPs, which is the principal technique in this thesis, is also detailed and emphasized. We introduce the detection and imaging of SPPs via leakage radiation microscopy. Fourier space imaging, and radially polarized light are also introduced. Lastly, the experimental setups, i.e., the "Veeco"

and "JPK" setups, are detailed and the differences between these two setups are discussed. This chapter lays the foundations for the rest of the manuscript.

Introduction

The excitation of surface plasmon polaritons (SPPs) on metallic nanostructures opens up new routes for the manipulation of light at the nanoscale. Just as light may be manipulated using glass elements, the propagating of SPPs may be controlled using a plasmonic lens [4]. Such a lens may be constructed from a series of concentric circular slits etched in a thick metal film.

The first plasmonic lens was proposed by Zhang's group in 2005 [5]. They showed that when a circular slit etched in a thick metallic film is irradiated with linearly polarized light, it can act as a planar lens for plasmons that focuses SPPs and concentrates the electromagnetic field at the focal point. Later, in 2009, Zhan's group reported that by using a radially polarized laser beam to illuminate a circular plasmonic lens, they found that the excited plasmons were focused in the center of the near field of the lens for an area whose size was below the diffraction limit [6]. Other examples of plasmonic lenses have also been demonstrated where a propagating light beam is transformed into a focused plasmon spot [7]- [11].

More recently, plasmonic lenses have found a new application as an optical component which not only converts light to a focused SPP spot but also transforms SPPs into collimated light. Thus, such a lens behaves as an optical antenna, linking the optical near and far fields.

The Brongersma [12] and Rapaport groups [13] both reported that a nanoscale emitter such as a quantum dot located at the focus of a plasmonic lens may transfer energy via near field coupling to SPPs, which propagate and scatter at the circular slits into an outgoing light beam.

Here, we show a novel method to couple a plasmonic lens structure with a local, electrical source of SPPs. The local, electrical source of SPPs may be achieved with high-energy electrons in a scanning electron microscope (SEM) [14], [15], or with low-energy electrons in a scanning tunneling microscope (STM) [16]- [19]. Due to the disadvantage of large high energy electrons generators, low-energy electrical excitation of SPPs may provide more possibilities for the integration of plasmonics with electronics.

In this chapter we discuss our work where we electrically excite a plasmonic lens using the inelastic tunnel current between an STM tip and the metallic sample and obtain a radially polarized microsource of light of low angular spread (around (±4°)). We compare the resulting emission from an STM-excited plasmonic lens and for an unstructured thin Au film on glass.

The dependence of the low angular spread on the lens structural parameters of the emitted light will be discussed. We also present how a plasmonic lens responds to the broadband excitation of the STM-nanosource.

Sample preparation

The plasmonic lenses are prepared by Jean-François Motte at the NanoFab facility, Institut Néel in Grenoble. The structures are prepared using the Focused Ion Beam (FIB) etching of an Au film, 200 𝑛𝑚 in thickness, that has been thermally evaporated on a glass coverslip coated with a 100 𝑛𝑚-thick layer of indium tin oxide (ITO). Here, the ITO is used for acting as a good conductor in case that the tip is moved to the slit. A dual beam FIB and SEM (scanning electron microscope) system is used for preparation.

The design of the plasmonic lens is either a 5-slit circular grating, 3-slit circular grating or a single circular slit, with the following parameters: slit width 𝑤 = 300 𝑛𝑚, etch depth 200 𝑛𝑚, and grating period of varying parameters 𝑃 = 600, 700, and 800 𝑛𝑚. Structures with central disks of inner diameters 𝐷 = 1, 2, 3, 4, 5, and 6 µ𝑚 are examined. we see that light from the plasmonic lens is emitted only from the five slits as expected. Besides, we find that there is a much stronger contribution from the inner slit of the plasmonic lens as compared to the outer slits. This is expected since the SPPs which scatter at the slits are a 2 𝐷 circular outgoing wave that isotropically propagates away from the center of the structure.

Moreover, the SPP intensity decays very quickly when SPPs propagate through the grating due to the scattering into photons. On the unstructured Au film, a 2 𝐷 circular outgoing wave also propagates away from the tip location, yet with a comparatively much longer propagation length, since there is no scattering. High intensity is observed from below the tip, due to the excitation of localized gap plasmon mode that radiatively decays into the glass substrate (see chapter 2).

From Figs.

3 (e) and 3 (f), we see that the intensity cancels out along the axis perpendicular to the polarizer transmission axis. This denotes that we obtain a radial polarized microsource and a radially polarized light cone (The polarization of the light emission will be verified in Fourier space images later). 

Fourier space image comparison

Next we compare the angular distribution of the light emitted from a plasmonic lens and a thin Au film when excited by the STM-nanosource. Fourier space image results are shown in If for both kinds of sources, the emission pattern may be modeled as a light cone, the solid angle can be calculated as Ω = 2𝜋(1 -cos 𝜃), where 2 𝜃 is the aperture angle of the cone (𝜃 is the angular spread). Thus, the light emitted in the substrate upon electrical excitation of SPPs is characterized by a solid angle of Ω = 1.69 sr for the thin Au film (𝜃 = 42.5°) and 1.38 × 10 -2 sr for the plasmonic lens (𝜃 = 4°). Thus, we obtain that the solid angle for the plasmonic lens is more than two orders of magnitude lower than that for the unstructured Au film.

Comparing Figs. 4 (g) and 4 (h) which indicate the situation with the result in Fourier space when a polarizer is placed in front of the camera, we find that in the direction perpendicular to the polarizer transmission axis, there is no light in both cases. These results confirm that an STM-excited plasmonic lens produces a nearly collimated radially polarized beam of light while in STM-excited thin Au film produces a light cone which is radially polarized. Thus, in this section, we compare the real and Fourier space images obtained when a plasmonic lens and a thin Au film are excited by the inelastic tunnel current from an STM. We find that a nearly collimated radially polarized microsource of light is achieved from the plasmonic lens structure.

Effect of lens parameters on angular spread

Experimental results

In this section, we discuss the effect of varying the geometrical parameters of the plasmonic lens, namely the inner diameter 𝐷, the number of slits 𝑁 and the slit period 𝑃. First, we focus on the experimental dependence of the angular spread of the emitted light beam on these parameters. data gives insight into the energy distribution of the surface plasmon nanosource when the tip is made of tungsten and the sample is made of Au [17], [21]. This distribution exhibits a peak centered at about ≈ 720 𝑛𝑚 (photon wavelength in vacuum). The beaming effect from our structure is due to the constructive interference of the light emitted from the slits when the slit period equals the SPP wavelength of around 675 𝑛𝑚 (which is calculated from equation (2.20) in chapter 2); therefore, more of the source energy is converted into a collimated light beam when the energy of maximum emission matches the slit period of the plasmonic lens (The detailed wavelength dependence will be discussed later).

The origin of the beamed emission also explains the effect of the number of slits. The experimental Fourier space images are also shown in Fig. 6 for direct observation and comparison. As shown both in Fig. 5 (d) and Fig. 6, the higher the number of slits, the lower the angular spread of the emitted beam. The slits behave as a coherent light source that interferes in the far field; thus, the more numerous these sources, the sharper the features in the interference pattern. Interestingly, at a fixed inner diameter 𝐷 , increasing 𝑁 from 1 to 3 strongly enhances the collimation of the emitted beam, whereas adding another two rings (𝑁 = 5) yields only subtle improvement. This suggests that near-optimal beaming is achieved for 𝑁 = 3. Indeed, SPP scattering at the slits decreases their propagation length; as a result, the emission from the slits is comparatively low beyond the third one.

Additionally, a general feature emerging from Fig. 5 is that the larger the inner diameter, the better the collimation of the emitted beam and this could also be observed in Fig. 6. The reason is that the wavevector 𝑘 distribution of the electric field in the far field (whose squared modulus is the Fourier image) is the Fourier transform of its spatial distribution in the sample plane (whose squared modulus is the real plane image). As a consequence, larger structures will have narrower angular radiation distribution. To account for this, we plot in Figs. 5 (b) and 5

(e) the data discussed above as a function of the outer diameter, which is 𝐿 = 𝐷 + 2[(𝑁 -1)𝑃 + 𝑤] (𝑤 is the width of the slit) and which indicates the actual size of the light source. This way of plotting the data reveals that a single ring structure provides an interesting tradeoff between the dimension of the source and the angular spread of the emitted beam, which may be crucial if integration within a device imposes size requirements and if angular spread is the only criterion for beam collimation. Indeed, the occurrence of secondary lobes (shown in Fig. 6)) in the angular radiation pattern mainly have a strong impact on the performance of the light source, depending on the targeted applications. 

Simulation results

In the previous subsection, we showed our experimental results demonstrating how the angular spread varies when the structural parameters change. In this subsection, we will show the corresponding simulation results. Our simulations are done by Aurélien Drezet at the Institut Néel in Grenoble. In his simulation, he uses an analytical model to determine the Fourier space images from which the theoretical angular spread of the emitted light may be obtained. The SPP scattering into photons at the slits is modeled as the radiation of a series of electric dipoles located along circles of the same diameter as the circular slits. The complex electric field vector of these dipoles in the far field is calculated. Due to the subwavelength width of the slit, it is assumed that only the in plane radial field component is scattered toward the substrate; hence the dipoles in the model are horizontally oriented along the radial direction. When the excitation is centered, all the dipoles along each circle emit in phase and with the same amplitude. In the model, a relative weight on the contribution of the five circles that exponentially decreases with their diameter is also set.

Figure 7 shows the simulation results of Fourier space images for plasmonic lenses of inner diameters 𝐷 varying from 1 to 6 µ𝑚 and consisting of a single slit or a 5 slit grating of period 𝑃 = 700 𝑛𝑚. This series of images confirms the following: first, the larger the inner diameter, the lower the angular spread; second, for a given 𝐷, the angular spread is much lower with five slits than with one.

In addition, Figure 7 reveals the appearance of numerous side lobes around the central lobe at larger emission angle in the case of a single slit structure. For the five slit structure, the emission pattern essentially consists of a single lobe. This is due to the destructive interference of the light emitted from the multiple slits in off axis directions, thus canceling out the side lobes. Hence, if not only low angular spread is required for a specific application, but also the absence of side lobes, then a 5 slit lens is to be favored. In conclusion, in this section, we have shown how the angular spread depends on the different parameters of the plasmonic lens structure. Good agreement exists between the simulation and experimental results.

STM excitation is off-centered on the plasmonic lens

Experimental results

In the last two sections, we showed the real and Fourier space image results when the excitation is centered on the plasmonic lens. In this section, we will show the results when the STM excitation is no longer in the center of the lens structure (the experimental results shown here are performed on the "Veeco" setup)

Using the same structure as in section 3. When the tip is 0.5 µ𝑚 from the center, the emitted light beam is tilted by 2° from the normal and its collimation and radial polarization are preserved (see Figs. 9 (b) and 9 (j)). With the tip at -1.2 µ𝑚 from the center (Fig. 9 (d)), a tilt of 10° is obtained. The beam becomes slightly asymmetric with a minimum angular spread of ±4° in one direction and a maximum angular spread of ±6° in another. When beam collimation is the desired result, this technique provides a method to electrically generate a narrow beam from a microscale light source, and the ability to control the emission direction within a 0°-10° polar range. Since the structure is symmetrical, we also have 360° control azimuthally. However, Fig. 9 (e) reveals that the polarization state is no longer radial when the tip is moved substantially from the center. Since light now is seen in the direction perpendicular to the polarizer transmission axis. This is even more obvious with the tip at -1.8 µ𝑚 (i.e., only 0.7 µ𝑚 from the inner edge of the first slit). In Fig. 9 (e), the emission is highly divergent, with a strong contribution above the critical angle.

As well, the polarization-filtered image of Fig. 9 (m) reveals a quite intricate polarization pattern. 

Simulation results

Using the same method described in section 3.4.2, simulated Fourier space images results are calculated by Aurélien Drezet to investigate the emitted beam collimation and the radial polarization for off-center excitation. Figure 10 shows the simulation results for the case of pronounced off-centered excitation, where the effects on the emission properties are obvious.

Here, the same structure is used as for the experimental results of Fig. 9. In Fig. 10 In conclusion, in this section, we have shown experimental results when the excitation is off centered on the plasmonic lens. The simulation model also works well for off centered excitation.

Angular spread as a function of wavelength

In this section, we will investigate the angular spread as a function of emission frequency/wavelength for a certain plasmonic lens structure.

The observation of the beam collimation seen above seems surprising since electrical SPP excitation by inelastic electron tunneling is known to be broadband [22] (see chapter 2); thus, the phase condition mentioned above is only met for a narrow part of the emission spectrum while the full spectrum of the collected light is used to obtain the Fourier image shown in Fig. 11 (a) (It is the same experiments as in Fig. 4 (a), here shown again for easy comparison). The system formed by a tungsten tip and an Au film with a junction bias of 𝑉 = 2.8 𝑉 is known (see Fig. 5 (c)) to produce an emission maximum with a photon wavelength around 𝜆 0 = 720 𝑛𝑚 (≈ 1.7 𝑒𝑉 in energy) and a full-width-half-maximum (FWHM) of ∆𝜆 0 ≈ 200 𝑛𝑚 (≈ 0.5 𝑒𝑉) [18]. Nevertheless, we demonstrate below that the spectral response of the excitation is advantageously broad, thus preserving this beaming effect for a large portion of the power spectrum of the electrical SPP source. In our study, we investigate the spectral response of the plasmonic lens for a broadband wavelength range 𝜆 0 ≈ 550 -1000 𝑛𝑚. From Fig. 11 (c)-(j), we see that all the images of this series exhibit a doughnut-shaped spot centered on the Fourier space origin; yet the size of this spot varies as a function of the detection wavelength. The spot is smallest for a detection wavelength of 700 𝑛𝑚. As well, the polar plots below the images show that the angular spread is the largest at the extrema of the investigated spectra range. From Fig. 11, we see that the smallest angular spread angle occurs for a collection wavelength of 700 𝑛𝑚 for the plasmonic lens whose period 𝑃 equals 700 𝑛𝑚. To investigate if this is the case for other structures, we perform another series of experiments with different bandpass filters for plasmonic lenses whose periods equal 𝑃 = 600 𝑛𝑚 and 𝑃 = 800 𝑛𝑚, and with an inner diameter of 𝐷 = 6 µ𝑚. All the experimental parameters are the same as before (Fig. 11 (c)-(j)). Figure 12 and Fig. 13 separately show the filtered Fourier space images for different collection wavelengths. The STM bias is set at 2.8 𝑉, the current setpoint is 6 𝑛𝐴. For these images, light is collected using an objective lens of 𝑁𝐴 = 1.45 and the acquisition time is 300 𝑠𝑒𝑐𝑜𝑛𝑑𝑠.

Similarly, Figure 13 (a)-(h) are the corresponding Fourier space images with different bandpass filters for the 𝑃 = 800 𝑛𝑚 structure. From these, we can determine that the smallest angular spread occurs around a wavelength range near 800 𝑛𝑚. For shorter wavelengths, we see that the angular spread become larger. The STM bias is set at 2.8 𝑉, the current setpoint is 6 𝑛𝐴. For these images, light is collected using an objective lens of 𝑁𝐴 = 1.45 and the acquisition time is 300 𝑠.

To confirm these observations, we determine the angular spread of the light beam from the Fourier space images (Fig. 11, Fig. 12 and Fig. 13), and plot it versus the emission wavelength as shown in Fig. 14 (b)-(d). Taking the structure with a period of 700 𝑛𝑚 as an example, from Fig. 11 (c)-(j), the angular spread minimum is found to be 3.2° at the collection wavelength 𝜆 0 = 700 𝑛𝑚 . For the energy corresponding to a photon wavelength of 𝜆 0 = 700 𝑛𝑚 in vacuum, the SPP wavelength on an ideal smooth Au/air interface is 𝜆 𝑆𝑃𝑃 ≈ 675 𝑛𝑚, which is indeed close to the period of the circular slit grating. Interestingly, the angular spread remains lower than 4° within a 100 𝑛𝑚 wide wavelength range around 700 𝑛𝑚, and lower than 7°

until 𝜆 0 = 850 𝑛𝑚. In order to explain this effect, we use a simple two slit interference model (see details below) to determine the spectral dependence of the angular spread.

Figure 14 (a) illustrates the principle of the simple 2𝐷 scalar model used. We consider only two adjacent slits, which scatter the incoming SPPs into light in the substrate, and model these slits as two coherent point sources, separated by the slit grating period 𝑃. The emission from these two points sources is assumed isotropic in the glass. Thus, the light in the far field is expected to be the most intense at an angle where constructive interference occurs between the waves emitted from the two slits. Consequently, a maximum in the emission of light in the direction orthogonal to the interface only occurs if the two source are in phase, i.e., 𝑃 = 𝜆 𝑆𝑃𝑃 .

Otherwise, SPPs will preferentially scatter in the direction where the optical path difference in glass 𝛿 compensates the phase shift between the two sources. Within this simple representation, we assume that the energy dependent SPP wavelength is that of SPPs propagating on the interface between infinite Au and vacuum half spaces. This reads as:

𝑛 𝑆𝑃𝑃 ′ 𝑃 -𝑛 𝑔 𝛿 = 𝜆 0 (3.1)
where 𝑛 𝑔 = 1.52 is the refractive index of the glass substrate, 𝜆 0 is the photon wavelength in vacuum, and 𝑛 𝑆𝑃𝑃 ′ is the effective index (for more details see chapter 5) of the SPPs propagating at the Au/air interface. 𝑛 𝑆𝑃𝑃 ′ is defined as the real part of the wavevector ratio between SPPs and photons in vacuum, as follows:

𝑛 𝑆𝑃𝑃 ′ = √ 𝜀 𝑚 ′ 𝜀 𝑚 ′ +1 = 𝑅𝑒(𝑘 𝑠𝑝𝑝 ) 𝑘 0 (3.2) 
Where, we discussed in chapter 2, 𝜀 𝑚 ′ and 𝜀 𝑚 ′′ are the real and imaginary parts of the dielectric constant of the metal respectively. This expression holds for

|𝜀 𝑚 " | ≪ |𝜀 𝑚 ′ | .
Equivalently, 𝑛 𝑆𝑃𝑃 ′ = 𝜆 0 /𝜆 𝑆𝑃𝑃 . From equation (3.1), we see that constructive interference occurs at condition of 𝜃 for:

𝑛 𝑔 𝑠𝑖𝑛𝜃 = 𝜆 0 𝜆 𝑠𝑝𝑝 - 𝜆 0 𝑃 (3.3)
Only first order diffraction is considered here. Consequently, SPPs interfere constructively in the forward direction if 𝑃 > 𝜆 𝑆𝑃𝑃 , and in the backward direction if 𝑃 < 𝜆 𝑆𝑃𝑃 . Now come back to the 3𝐷 problem where SPPs scatter on the circular slits and, as a first step, we ignore the effects of the finite size of the slit grating. Thus, we find that the emitted beam has the shape of a cylinder in the far field only if 𝑃 = 𝜆 𝑆𝑃𝑃 . If 𝑃 ≠ 𝜆 𝑆𝑃𝑃 , the emitted beam has the shape of a cone in the far field, with a beam angular spread angle 𝜃 given by equation (3.3). angular spread may be simply obtained by choosing specific geometric design parameters (inner diameter, grating period, number of slits). Such simple control over the plasmonic lens characteristic is crucial for its future integration with a broadband excitation nanosource.

Neither the model nor the spectrally filtered Fourier space images (which are not intensity normalized with respect to each other) provide the power spectrum of the emitted light versus its angular distribution, however. To obtain this key information, angle-resolved optical spectroscopy is necessary where the angular and spectral dependence are revealed in one single image. Angular spread is measured from the filtered Fourier space images in Fig. 11, Fig. 12 and Fig. 13. The theoretical lower bound for the angular beam divergence due to the finite size of the slit grating is shown by the black line. 𝐿 is the outer diameter of the plasmonic lens.

Angularly resolved spectral imaging of the light emitted from an STMexcited plasmonic lens

Aangularly-resolved spectral imaging is possible with our imaging spectrometer on the "JPK" setup (see in chapter 2). Figure 15 shows the setup for conducting angularly resolved spectral imaging. This technique is introduced here and will be used again in chapter 5.

Thanks to an added mirror (see Fig. 15), the emitted light is diverted from the optical axis to the imaging spectrometer (iHR320 spectrometer with a CCD detector). An extra lens (see Fig. 15) has the same focal length and position with respect to the tube lens and spectrometer as the mentioned extra lens in front of the Andor camera when it used for Fourier space imaging on the Andor camera (see Fig. 19 in chapter 2). Thus the Fourier space image will be projected on the entrance slit of the spectrometer. Concave mirrors inside the imaging spectrometer will reflect the light to the grating. When the zero order of the grating is used, the light will be directly reflected as in the case of a mirror and the CCD camera will record the Fourier space image (just as it is projected on the entrance slit).

However, with non-zero grating orders, light will be dispersed and each line perpendicular to the long axis of the entrance slit, representing a position in Fourier space, will be spectrally resolved. The relative position of the projected image is adjusted so that the light entering the entrance slit of the spectrometer is from a line along 𝑘 𝑦 and crosses the Fourier space origin.

Thus, the CCD camera of the spectrometer will display an image with wavelength and Fourierspace coordinates along the horizontal and vertical axes, respectively. When the system exhibits axial symmetry with respect to the optical axis, the angular dependence of the emitted pattern is only radial (not azimuthal); therefore, all information about the energy-momentum dispersion (within the investigated energy range) is contained in the images shown in Fig. 16. The general aspect of the energy momentum dispersion image for all four structures may be easily understood by drawing an analogy to Young's double-slit experiment. In the case of a single circular slit, we may assume that the light detected in one direction 𝑘 ∥ /𝑘 0 in Fourier space results from the interference of the light emitted from two opposite point sources on the slits. Thus, a periodic fringe pattern is expected in Fourier space, with a period varying as the emission wavelength over the slit diameter [23]. This is indeed what is observed in Fig. 16 (e).

In a five-slit circular plasmonic lens, five fringe patterns of different periods superimpose in Fourier space and coherently interfere with each other (which we already discussed in section 3.4). Constructive interference in the emission direction orthogonal to the grating only occurs if the slit period is a multiple of the emission wavelength. This explains why the shape of the energy momentum dispersion images seen in Fig. 16 The STM bias is set at 2.8 𝑉, the current setpoint is at 3 to 4 𝑛𝐴 and the acquisition time is 300 𝑠. On the left of (a) and (b) are the Fourier space images that are obtained when the spectrometer entrance slit is at its largest width and the image is acquired using the zeroth order of the diffraction grating (acquisition time: 100 𝑠). Dashed lines indicate the selected area when the entrance slit is partially closed for spectral measurements.

We can now explain why the angular spread obtained from the full spectrum Fourier space images shown in Fig. 11 Beyond this point, further downsizing of the plasmonic microstructure is inefficient, since it broadens the angular distribution of the emitted light without improving the matching between the spectral response of the plasmonic structure and the power spectrum of the SPP nanosource. Obtaining optimal light beaming while keeping the smallest possible spatial footprint thus requires that the spectral width and size effects contribute equally to the angular beam divergence of the source. From equations (3.3) and equation (3.5) for small 𝜃 ≈ 0, we evaluate the contributions of these two effects at ∆𝜆 0 /(𝑛 𝑔 𝑃) and 𝜆 0 /(𝑛 𝑔 𝐿) respectively, where ∆𝜆 0 and 𝜆 0 are the spectral width and central wavelength of the source (𝑃 and 𝐿 are the period and outer diameter of the slit grating and 𝑛 𝑔 is the substrate's refractive index). The best tradeoff between narrow light beaming and small spatial footprint is thus obtained when using a plasmonic lens with period to size ratio 𝑃/𝐿 ≈ ∆𝜆 0 /𝜆 0 .

The data shown in Fig. 16 (b) and 16 (e) also reveal the advantages and drawbacks of increasing the number of slits 𝑁 of the structure. From Fourier space images, we evaluate the angular divergence of the light beam emitted from the five slits circular grating (𝐷 = 4 µ𝑚 and 𝑃 = 700 𝑛𝑚) and the single circular (𝐷 = 4 µ𝑚) at 4.4° and 5.6°, respectively (data shown in Fig. 6). Therefore, the latter structure, which is almost half the size of the former (5.6 µ𝑚 in outer diameter, as compared to 10.2 µ𝑚), has an angular beam divergence that is only ≈ 25% higher. Moreover, using one circular slit rather than five extends the energy range for which optimal beaming and power radiation are obtained. However, the emission pattern obtained from a single circular slit exhibits multiple secondary lobes of non-negligible intensity, which persist within all the investigated energy range. This off-axis emission represents an important power loss for a light beam source. Furthermore, in an applied context, cross talk issues may occur when several of these sources are used to transfer information to distinct receptors. In this regard, a multiple slit structure is advantageous.

A feature that all images in Fig. 16 have in common is the strong damping of the radiated power at an energy higher than about 2.1 𝑒𝑉 (i.e., 𝜆 0 ≲ 590 𝑛𝑚). This is due to the losses in tungsten and Au, i.e., the metals of which the STM tip and the plasmonic lens are made.

Generally, the power spectrum of the emission radiated from a tunnel junction is modeled as the product of a source term given by inelastic tunneling statistics (∝(𝑒𝑉 -ℏ𝜔), for ℏ𝜔 ≤ 𝑒𝑉;

0 otherwise [24] ) and an emission term related to the local density of electromagnetic states (EM-LDOS) [25]. As a result, the radiation has a broad power spectrum that spreads over the infrared and part of the visible range and falls to zero at energy 𝑒𝑉 (quantum cutoff). Still, the power spectrum radiated by a W-Au tip surface junction is known to rapidly fall beyond 2.1 𝑒𝑉 in energy, even when the tunnel junction is biased at 𝑉 = 2.8 𝑉. This is notably ascribed to interband transitions in gold. In the system that we study here, the dissipative losses in gold play a double role, since they decrease the power emitted by the SPP nanosource and they shorten the SPP propagation length, thus yielding higher propagation losses before SPP scattering from the slits into light in the far field.

Spectral response: coupling of cavity modes and grating effects

In this section, we discuss spectra obtained using the configuration in Fig. 15 with integrating over the CCD lines before readout (i.e., the signal is integrated over emission angles).

In this way, we focus on the total emitted power. Figure 17 (a) shows optical spectra measured for different single circular slits with different inner diameters 𝐷. The spectra shown in Fig. 17 (a) differ from that of an unstructured thin Au film (a Gaussian pattern see Fig. 5 (c))); instead, they exhibit peaks and dips. When varying the inner diameter 𝐷, the peaks and dips shift in energy; therefore, it is unlikely that these features are due to a resonance inside the gap of the slit (the slit width 𝑤 is always the same). Thus, we infer that the features seen in Fig. 16 (a) are related to the cavity modes of the plasmonic structures, i.e., SPP standing waves formed due to SPP reflection at the circular slit back to the center of the structure.

In order to confirm the origin of the features observed in the experimental spectra, Jean-Jacques Greffet from Institut d'Optique and my colleague Eric le Moal did a simple calculation to get the "generated" spectra shown in Fig. 17 (b). In this calculation, generated data is obtained in the following way using the simple model illustrated in Fig. 18. With the notations introduced in Fig. 18 (b), where 𝑟 is the complex amplitude reflection coefficient at the cavity boundary and 𝑘 𝑠𝑝𝑝 is the SPP wavevector, the field at the source location satisfies the following system of equations.

𝐴 + = 𝑟𝐴 -exp(𝑖𝑘 𝑠𝑝𝑝 𝐷) + 𝐴 𝑖 (3.6)

𝐴 -= 𝑟𝐴 + exp(𝑖𝑘 𝑠𝑝𝑝 𝐷) + 𝐴 𝑖 (3.7)
Thus, the field at the source location reads:

𝐴 + = 𝐴 -= 𝐴 𝑖 1-𝑟 exp(𝑖𝑘 𝑠𝑝𝑝 𝐷) (3.8)
The generated data shown in Fig. 17 Adding four slits and varying the slit period significantly changes the spectral response of the plasmonic structure, even though the inner diameter 𝐷 is kept constant (see Fig. 

Conclusion

In conclusion, in this chapter, we demonstrate an electrically driven, microscale light source emitting radially polarized beams at very low angular spread (±4°). The basis of this light source is a plasmonic lens, whose SPPs are locally excited through the inelastic tunneling of low-energy electrons from the tip of an STM. The STM-nanosource is ideal for plasmonic structures with radial symmetry. Furthermore, this excitation method may be integrated with current microelectronic technology, since it requires only low voltage (< 3𝑉), low current (𝑛𝐴), and may be adapted on a chip as a planar tunnel junction.

We have also shown that in order to optimize the divergence of such a light source, the grating period should match the wavelength of maximum emission of the STM excitation, the plasmonic lens should consist of at least 3 slits, and the STM excitation must be in the center of the plasmonic lens.

Finally, we also introduce a novel experimental method combining STM, optical microscopy, and optical imaging spectroscopy for carrying out angle-resolved optical spectroscopy measurements. We characterize the spectral response of the plasmonic lens and find that our plasmonic lens is very attractive for building an electrically driven microsource of highly collimated light since its spectral response is broad and optimal within a wide energy range (650 -850 𝑛𝑚), especially in comparison to other resonant plasmonic structures such as Yagi-Uda nanoantennas [26].

Introduction

Other important aspects of the transportation of light, apart from speed, include direction and spatial angular spread i.e., the angular width of the beam. These two properties play important roles in describing optical phenomena with nanostructures. Usually, directional and collimated light emission is preferable. Directional means that the light propagates along a certain direction. Collimated light is light whose rays are parallel and therefore the light spreads minimally as it propagates.

So far, many nanostructures have been reported for the creation of directional light emission e.g., Yagi-Uda nanoantennas [1], single cylindrical nanoantennas [2], and single splitring resonators [3]. Although these structures can achieve directional light emission, they still have some disadvantages, such as the fact that the light emission from these structures has a large angular spread.

The emission of collimated light from nanostructures has been demonstrated. In 2002, Lezec et al., showed that an illuminated "bull's eye" could produce a beaming of light [4]. After that, there was an upsurge in the study of collimated light beams in the field of nano-optics.

Several different kinds of structures and methods were proposed to get collimated light beams

[5]- [7]. However, few of them provided collimated and directional light emission.

In the last chapter, we showed that for a circular plasmonic lens, by moving the excitation position, we control the direction of the emitted light. But there still exists an important drawback for this technique: when our STM excitation moves far off-centered, close to the slits, the collimation is degraded and the angular spread becomes large (> ±17°).

In this chapter, we propose a novel method to control the direction of collimated light beams by using an elliptical plasmonic lens.

In 2005, Zhang's group showed that an elliptical plasmonic lens can focus SPPs in a way that is similar to a circular plasmonic lens [8]. Later, Lerman et al., demonstrated that upon illumination of an elliptical plasmonic lens with radially polarized light, the electric field distribution on the lens as detected by a SNOM is dependent on the eccentricity of the elliptic structure [9]. In 2012, Schoen et al., used an elliptical cavity as a broadband unidirectional parabolic antenna [10]. They reported that with such an elliptical cavity, directional light emission is achieved.

Inspired by the elliptical cavity which is able to achieve directional light emission, in our work, we use the STM tip to electrically excite different elliptical plasmonic lenses and thus obtain directional collimated light. Interestingly, the elliptical plasmonic lens in our case behaves as an elliptical antenna which can simultaneously direct and collimate light. Different from the elliptical cavity [10], they collected the scattered light emission from the edge of the elliptical cavity in the air but in our case, we collect scattered light from the elliptical slit in the bottom part through the glass substrate.

Sample preparation

Our elliptical plasmonic lenses are prepared by etching a single elliptical shape slit on thick Au film (thickness of 200 𝑛𝑚) on an ITO-coated glass substrate using Focused Ion Beam (FIB)

etching. The gold film is thick enough to prevent SPP leakage radiation in the glass substrate and the only source of light is the scattering of SPPs into photons at the elliptical slit. Note that as the elliptical plasmonic lens mentioned in this chapter only have a single elliptical slit unlike the circular plasmonic lens discussed in chapter 3 which have up to 5 slits. So that the fabrication is easier. 

Excitation at a focal point of an elliptical plasmonic lens: collimated light beam

From the previous chapter, we know that the STM excitation of a circular plasmonic lens at its center yields a beam of light whose direction is along the optical axis. This is because the optical path from the center to any point of the circular slit is the same. Thus, SPPs emitted from the center scatter into light at the slit edge in phase. But now, for the elliptical plasmonic lens, when the excitation is centered, since the scattered light along the slit is not in phase, the light emission pattern is expected to change.

We use a circular slit structure with 𝐷 1 = 𝐷 2 = 3 µ𝑚 as a reference and an elliptical slit structure with 𝐷 1 = 3 µ𝑚, 𝐷 2 = 8.77 µ𝑚 (see Fig. 1 for the SEM image) is chosen to see the results when excitation is centered on the structure. For the elliptical plasmonic lens, due to the fact that the light from scattered SPPs is not in phase when the excitation originates from the center, there is not a single direction in which all the light scattered from the slit constructively interferes; therefore, we do not get unidirectional light emission. Then, we move our excitation to the right focal point as depicted in Fig. 3 (a) In this section, comparing the STM excitation of circular and elliptical plasmonic lenses, we find that while the emission of light beams of low angular spread is achieved from a circular plasmonic lens when the excitation is centered on the structure; however, for an elliptical plasmonic lens, it is when the excitation is located on a focal point, that we get a collimated light beam. This collimated light beam is emitted at a specific emission angle with regard to the optical axis.

Theoretical explanation of collimated light emission when the excitation is located at a focal point of the elliptical plasmonic lens

In this section, we will use two methods to explain why that when the excitation is located at the focal point position of the elliptical slit, we get the emission of light beams of low angular spread.

First, we use a mathematical model. As we mentioned in the introduction, it has been

shown that an electrically excited elliptical cavity can produce a beam emitting at a well-defined angle [10]. In this article, D. T. Schoen et al., used a 3 𝐷 (three dimension) paraboloid model to explain the directional emission from the 2 𝐷 elliptical cavity.

Here, we will also employ this 3 𝐷 paraboloid model to explain our directional light emission process. Before showing the 3 𝐷 paraboloid model with our structure, we will review some geometrical optics which is related to our model. A vertical cut of a 3 𝐷 paraboloid is illustrated in Fig. 4. When light originates from the focal point 𝐹, no matter the direction of the light, the reflected light will propagate parallel to the parabolic axis. Additionally, when a plane perpendicular to the optical axis intersects the paraboloid of the focal point, the enclosed area is a circular disc (see the blue area in Fig. 4). indicates the case where the parabolic axis is parallel to the optical axis of the experiment. In this case, the center of the plasmonic lens is the focal point of the paraboloid. Since the parabolic and optical axes are parallel, this situation is equivalent to a circular plasmonic lens with the excitation centered. As seen in Fig. 4, since the light originates from the focal point 𝐹, if the circular plasmonic lens may be considered equivalent to a 3𝐷 parabolic mirror, then the emitted beam will be parallel to the parabolic/optical axis. From the experimental results shown in Fig. 2 (c), we have already observed that when the STM excitation is centered on the circular plasmonic lens, light is emitted in the direction of the optical axis with low angular spread.

Next, we will apply our paraboloid model to the elliptical plasmonic lens. Schematically this is shown in Fig. 5 With this 3 𝐷 paraboloid model, we motivate that only when the STM excitation is located at the focal point position of the elliptical plasmonic lens, we may achieve directional light emission with a tilt angle of 𝜃. From the reference [10], we know that if the focal point of the elliptical plane coincides with the paraboloid, the angle 𝜃 should verify:

sin 𝜃 = 𝑒 (4.1)
Here, 𝑒 is the eccentricity of the ellipse and:

𝑒 = √1 -( 𝑏 𝑎 ) 2 = 𝑐 𝑎 (4.2)
where 𝑎 is the semi-major axis of the elliptical structure and 𝑏 is the semi-minor axis of the elliptical structure. 𝑐 is the focal length of the ellipse. In our case, 𝑎 is equal to

𝐷 2 2
and 𝑏 is equal to

𝐷 1 2 .
Thus, from the paraboloid model, we may infer that by changing the eccentricity 𝑒 of elliptical plasmonic lens, we control the emission angle 𝜃. In our case, we detect the emission from below the sample and the emission angle in the glass substrate should be calculated as 𝜃 ′ according to Snell's law:

sin 𝜃 = 𝑛 sin 𝜃 ′ (4.3)
where 𝜃 is the emission angle in air. 𝑛 is the refractive index in glass and 𝜃 ′ is the emission angle in glass. So 𝜃 ′ can be expressed as:

sin 𝜃 ′ = 𝑒 𝑛 (4.4)
After elaborating the 3 𝐷 paraboloid model, next, we will use a second model (phase relations of scattered light) to explain why that when the excitation is located at the focal point of the elliptical slit, we get a beam of low angular spread. 𝑏 2 = 1. The STM excitation originates from the left focal point F. For an arbitrary point 𝑃 (𝑥 ′ , 𝑦 ′ ) on the ellipse, the distance between PF may be expressed as a linear function of 𝑥 ′ . Now let us approximate the elliptical slit as a simple slit of length 2a, where the phase of the scattered light is equal to 𝜑 (𝑥′) and 𝑥 ′ ∈ [-𝑎, 𝑎]. The linear increase of the phase indicates that the wavefront is in a tilted plane. The wavefront (blue dashed line in Fig. 8) is tilted an angle of 𝜃 corresponding to the horizontal direction. Therefore, the emitted light (red line in Fig. 8) is tilted the same angle 𝜃 in terms of the vertical direction. This could be another explanation for tilted light beam. Then, in this model, we will derive the light emission angle 𝜃. In Figure 9, 𝐹 is the focal point with the focal length of 𝑐, 𝑀 is the arbitrary slit point with the coordinate 𝑥 𝑖 (-𝑎 < 𝑥 𝑖 < 𝑎) and 𝑁 is the end point of the slit with the 𝑥 coordinate of 𝑎. When the excitation originates at 𝐹, to satisfy the constructive interference of light emitted at the same angle 𝜃, we have :

𝑘 𝑠𝑝𝑝 ( 𝑐 𝑎 𝑥 𝑖 + 𝑎) + 𝑘 𝑝ℎ𝑜𝑡𝑜𝑛 (𝑎 -𝑥 𝑖 )𝑠𝑖𝑛𝜃 = 𝑘 𝑠𝑝𝑝 (𝑎 + 𝑐) (4.7)
where 𝑘 𝑝ℎ𝑜𝑡𝑜𝑛 = 𝑛𝑘 0 . 𝑛 is the refractive index of glass substrate in our case and 𝑘 0 is the wavevector in free space. In this section, two different methods are applied to explain why only when the excitation originates from the focal point of the elliptical structure, we obtain directional light emission.

We also demonstrate that the emission angle is determined by the eccentricity of the elliptical plasmonic lens.

Experimentally controlling the direction of a collimated light beam using different elliptical plasmonic lenses 96

In this section, we will experimentally show that by changing the eccentricity of the elliptical plasmonic lens, we can control the direction of the emission of the collimated light beam.

Here, we use 8 different elliptical plasmonic lenses which have the same minor axis length 𝐷 1 of 3 µm. By changing the length of major axis 𝐷 2 , the eccentricity of the elliptical plasmonic lens is varied. The length 𝐷 2 is seen in table 4.1 and their corresponding transmission images are respectively shown in Fig. 10 (a1)-(a8). These transmission images are recorded by illuminating the structures with white light from above and collecting the transmitted light from below the sample. From these transmission images we clearly see that the structure's shape changes as 𝐷 2 is increased and their corresponding eccentricities 𝑒 are separately calculated shown in table 4.1. We see that a circular slit is gradually varied to an elliptical slit with very high eccentricity. We have already shown that when the excitation is at the focal point position of an elliptical plasmonic lens, we achieve directional light emission. In these experiments, we locate our which is for the wavelength of 700 𝑛𝑚 in free space).

Controlling the angular spread of collimated light beams using different elliptical plasmonic lenses

From the above section, we learn that the direction of light emission may be controlled via the eccentricity of the elliptical slit. Next, we will investigate the variation of the angular spread as a function of eccentricity. First we take the example of the structure in Fig. 10 (a5) with 𝐷 1 = 3 µ𝑚 , 𝐷 2 = 3.92 µ𝑚 and its transmission image is shown in Fig. 12 (a) with marked minor axis length of 𝐷 1

and major axis length of 𝐷 2 . Figure 12 (b) is its Fourier space image which was already shown in Fig. 10 (c5). We draw two white dashed lines separately passing through the center of the elliptical spot in the horizontal and vertical directions and we define two lines as 𝑘 𝑥 and 𝑘 𝑦 .

Figure 12 (c) and (d) respectively presents the intensity profile of 𝑘 𝑥 and 𝑘 𝑦 . In Fig. 12 (c), the horizontal axis is the angular position with respect to the optical axis and the vertical axis is the normalized intensity. We use HWHM (half width at half maximum) to define the angular spread in Figs. 12 (c) and 12 (d).

The measured angular spread in the 𝑘 𝑥 direction is equal to ≈ ±6.5°and in the 𝑘 𝑦 direction, it is equal to ≈ ±9.1°. The angular spread is clearly smaller in the 𝑘 𝑥 direction than in the 𝑘 𝑦 direction. This can be due to the diffraction of light, angular spread and source size are related by 𝐿∆𝑘 ≥ 2𝜋 as discussed in chapter 3. This means that the larger the dimension in real space, the more it will be compressed in 𝑘 space and vice versa. In our case, 𝐷 2 is larger than 𝐷 1 , so as a result, the angular spread in 𝑘 𝑥 direction will be smaller than in the 𝑘 𝑦 direction. So far, we have shown that the angular spread behavior for only one elliptical structure.

As was done in Fig. 12, we measure the angular spread from the Fourier space images in Fig. From Fig. 13 (a), we see that the angular spread in the 𝑘 𝑦 direction (red line) is stable for all structures since 𝐷 1 is set to a constant length of 3 µ𝑚.

(c1)-(c8)

However, we find that in the 𝑘 𝑥 direction (black line), increasing the eccentricity of the elliptical slit leads to a smaller angular spread. For the structures with eccentricities of 0.87 (𝐷 2 = 6 µ𝑚) and 0.94 (𝐷 2 = 8.77 µ𝑚), the angular spread is around 4° which is similar to the angular spread for the five-slit circular plasmonic lens (𝐿 = 11.2 µ𝑚) discussed in chapter 3. This is very interesting because we know that the higher the number of slits, the better the collimation. Here we see that a l-slit elliptical structure can achieve a similar beaming effect as that which is found for a multiple-slit circular structure which has even larger size.

Figure 13 (b) plots the ratio of the angular spread in the 𝑘 𝑥 and 𝑘 𝑦 directions as a function of eccentricity (purple line) and the ratio between the minor axis length 𝐷 1 and the major axis length 𝐷 2 as a function of eccentricity (blue line). From the results, we see that the two curves are quite similar. They have the same tendency and the discrepancy is small. This means that the shape of our elliptical spots in Fourier space is the same as the shape of the structure but rotated 90°. Note that the above supports the idea that the origin of the beaming is indeed linearly variation of the phase of the scattered light. We might imagine that when the excitation is at the focal point of the elliptical slit with eccentricity of 0.94 (i.e., that the excitation is much off center), the scattered light is mainly from one side of the slit and in its opposite direction, the intensity is much weaker. Despite the large difference in intensity, in the Fourier space image, the obtained spot still preserves a small angular spread for the elliptical slit with high eccentricity.

However, the unequal intensity of the emission scattered along the slit will result in decreased visibility of the elliptical spot. This is shown in Fig. 14. Figures 14 (a This is also the reason that when we measure the angular spread in Fig. 13, we subtract the background for the structures with eccentricities of 0.87 and 0.94. 

Conclusion 103

In summary, a single slit elliptical plasmonic lens electrically-excited with an STM-based nanosource at a focal point can produce a directional beam of light. The direction of the emission is determined by the eccentricity of the elliptical structures. This is explained using a 3 𝐷 paraboloid model and motivated by a discussion of the phase relations between the light scattered at different positions on the slit. Changing the eccentricity from 0 to 0.94 leads to a change in directionality of 0° to near 40° with respect to the optical axis. The angular spread of the resulting beam varies from 9° to around 4° in the 𝑘 𝑥 direction. Our study provides a better understanding of how plasmonic nanostructures such as an elliptical slit can shape the emission properties of electrically excited light.

Introduction

In the previous two chapters, we have discussed the manipulation of light using electrically excited SPPs interacting with plasmonic nanostructures. Through the electrical excitation of a circular plasmonic lens using the STM, we produce radially polarized light of low angular spread. Additionally, we find that by changing the excitation position, we control the emission angle. However, when the excitation position is too far from the center of the plasmonic lens, the collimation of the emitted light beam is degraded. To overcome this disadvantage, we proposed an elliptical plasmonic lens. By changing the eccentricity of the elliptical plasmonic lens, we vary the emission direction when the excitation position is at one of the two focal points of the ellipse. Note also that the emitted light beams have low angular spread, even at comparatively wide emission angles with respect to the normal direction. In this chapter, we continue to explore the interaction between electrically excited SPPs and plasmonic nanostructures and here, we employ a planar plasmonic multi-layer stack structure.

Planar plasmonic multi-layer stacks, such as metal-dielectric-metal and dielectric-metaldielectric structures, have been widely studied. Such multi-layer stacks can be used as waveguides for propagating surface plasmon polaritons. Continuous efforts have been put forth to achieve long-range propagation and strong spatial confinement of light fields [1]- [7].

Plasmonic multi-layer stack structures have also found applications in absorption switches [8],

optical gain switches [9] and in surface plasmon resonance sensors [10]. In the work on surface plasmon sensors by Tien's group [10], they use a polychromatic, radially polarized light beam that they tightly focus on a planar plasmonic multi-layer stack structure (Au (20 nm)-SiO2

(500 nm)-Au (20 nm)). They spectrally resolve the emitted light as a function of angle. Their Fourier space image, displayed in Fig. 1, shows a rainbow pattern. In other words, the emission angle is different for each wavelength and clearly is resolvable. has been reported for various structures, such as photonic crystals [11], periodic metal nanoparticle arrays [12], [13], plasmonic circular holes [14] and a plasmonic crystal [15]. The knowledge of the band structure of a system is important as it determines its optical response.

In this chapter, we use our local, electrical excitation method by STM to probe the optical band structure of a plasmonic multi-layer stack in a new way. We also compare the results obtained by both laser and STM excitation of the same structure and the results indicate that the STM technique is more sensitive in terms of signal-to-noise ratio.

Sample preparation

The experiments are conducted on the "JPK" setup which was introduced in chapter 2. A scanning tunneling microscope operated in air with a metallic tip is mounted above the sample and below is the inverted optical microscope.

The plasmonic multi-layer stack is a metal-dielectric-metal (MIM) system on a glass coverslip (refractive index n = 1.52, thickness 170 µm). To better adhere to the substrate, a (310 nm)-Au (30 nm). are reproduced from chapter 3 in Fig. 4(d)) which is the expected wavevector of surface plasmon polaritons (SPPs) propagating at an air/Au interface [16], [17] for λ ≈ 700 nm (i.e., the mean excitation wavelength for the STM broadband excitation of an Au film). Thus, it appears that an "SPP-like" mode is excited in the multi-layer structure.

STM excitation of a plasmonic

Note also that Fig. 3 (e) displays two additional peaks which are comparatively broad and less intense, annotated with red stars at k ∥ k 0 ⁄ ≈ ±1.33. As stated above, the multi-layer stack is M-I-M structure. Since it is made of a dielectric layer between two thin metal films, we can hypothesize what kinds of modes will exist in this structure. Metal-dielectric interfaces are known to support SPP modes (see chapter 2) and dielectric layers can support waveguide modes [18]. Also, it is known that electromagnetic modes of similar energy may hybridize i.e., produce a mode of different energy and of dual nature (e.g., plasmonic and photonic) when they exist in the same structure [19]. Thus, we propose that these resulting hybrid plasmonic-waveguide modes yield additional peaks in the Fourier space image. Bias is set at 2.8 V and the tunnel current setpoint is 1 nA. Acquisition time is 180 seconds.

Experimental error is around 0.02k0. interface. The transmitted light as a function of angle, i.e., a Fourier space image, is simulated.

Fourier space images acquired using different bandpass filters

Therefore, from the simulated Fourier space images, the effective indices k ∥ /k 0 of both the "SPP-like" and "waveguide-like" modes may be determined by calculation.

The simulation results are also shown in Fig. 6 (a) with blue and green dots representing the effective indices of the "SPP-like" and "waveguide-like" modes. Good agreement between the simulation and experimental results is found for the "SPP-like" mode. In contrast, for the "waveguide-like" mode, we find that at a wavelength of 700 nm, some discrepancies between the experimental results and simulation exist. At a wavelength of 625 nm, the difference becomes larger. It seems that at short wavelengths, for the "waveguide-like" mode, the discrepancy between the simulation and experimental results is larger than at longer wavelength.

The reason could be that the dielectric constants used in the simulation differ from those of the experiments and such a difference may have a stronger effect at short wavelengths.

The data of Fig. 6 (a) may be plotted as a set of dispersion relations. The relation between the wavevector and the energy is thus presented in Fig. 6 (b). The light line in Fig. 6 (b)

corresponds to E(energy) = ℏck ∥ , and the blue shaded area is the light cone, representing all the possible plane waves in air. It is clear that in the dispersion curves, the SPP dispersion curve lies to the right of the light line. Note also that for the same energy, the wavevector of the "waveguide-like" mode is higher than that of the" SPP-like" mode. In this subsection, we discussed the STM excitation results for a plasmonic multi-layer stack of Au (30 nm)-SiO2 (310 nm)-Au (30 nm). We experimentally derived the optical band structure (dispersion relation) and attributed the identified modes to hybrid guided modes of both SPP and waveguide nature.

Theoretical calculation results

To investigate further the "SPP-like" and "waveguide-like" modes, Moustafa Achlan and Georges Raseev calculated the intensity distribution of the electric field in the direction perpendicular to the thin layer interfaces (labeled as the z-axis) for the multi-layer structure (air/Au (30 nm)/SiO2 (310 nm)/Au (30 nm)). In this simulation, a plane wave with wavelength λ = 700 nm is incident from the substrate at the angle determined by the peak value of k ∥ /k 0 from the Fourier space simulation. The results are presented in Fig. 7. The horizontal axis is the electric field intensity |E| 2 and the vertical axis is the direction perpendicular to the interfaces (z-axis).

Figure 7 (a) shows the intensity of the electric field along the z direction when the effective index k ∥ /k 0 = 1.035 (it is the simulated effective index of the "SPP-like" mode for the Au (30 nm)-SiO2 (310 nm)-Au (30 nm) structure when λ = 700 nm). We clearly see that the highest electric field intensity appears at the air/Au interface, and decays exponentially in the air above the structure. This is characteristic of an "SPP-like" mode on an air/Au interface. Note that while quite weak, the electric field intensity is non-zero in the SiO2 dielectric layer. This suggests that this hybrid SPP-waveguide mode is of SPP character. Therefore, this confirms our previous assignment that for the effective index k ∥ /k 0 = 1.035 we have an "SPP-like" mode. to what is shown in Fig. 7 (a), we see that a peak of the electric field intensity is not only confined to the air/Au interface, but there is also a peak at the Au/SiO2 and SiO2/Au interfaces.

In fact, the stronger peaks are at the Au/SiO2 and SiO2/Au interfaces. This electric field intensity distribution suggests that the two SPP modes at Au/SiO2 interface have coupled to form a field symmetrical mode which is reminiscent of a waveguide mode. The presence of a symmetrical mode in MIM plasmonic structures has already been shown [6]. Thus, for λ = 700 nm , when k ∥ /k 0 = 1.41, the hybrid SPP-waveguided mode in the MIM structure is of both "SPPlike" and "waveguide-like" character. Thus thanks to the simulated results of the electric field intensity distribution in a plasmonic multi-layer stack for different effective indices, we can clearly distinguish the characteristics of the "SPP-like" and "waveguide-like" modes.

Comparison of STM and laser excitation of the same structure

In this section, we will compare STM and laser excitation of the same sample (plasmonic Au (30 nm)-SiO2 (310 nm)-Au (30 nm) multi-layer stack) that was discussed in the last section.

Figure 8 depicts the schematic diagram of the laser excitation experiment which is carried out on the "JPK" setup. The linearly polarized He-Ne laser (wavelength of 633 nm) is focused on the sample using an oil objective and incidence is from below the substrate, see Fig. 8 (a).

The orientation of the linear polarization may be controlled using a half wave plate. The reflected light beam is collected by the same objective. A beam splitter reflects the incident laser beam towards the sample and transmits the reflected light to the detector (incident and reflected beams go through the same microscope objective). The oil objective lens is used to generate a range of incident wavevector components with various incident angles from the collimated monochromatic light beam. Light is incident from all directions within the numerical angular aperture of the objective and the reflected light is detected on the CCD camera with the same angular restrictions. When the incident angle is larger than the critical angle (total internal reflection), an evanescent wave is induced. In chapter 2, we saw that evanescent waves can excite SPPs at an air/Au interface at a specific incident angle which satisfies the phase-matching condition determined by the dispersion relation. Thus, less light is reflected at this angle. This process is presented in Fig. 8 (a). , when the electric field is parallel to the incidence plane, it is referred to as a TM wave and when it is perpendicular to the incidence plane, it is referred to as a TE wave. The reason why we discuss TE and TM polarization is that while a laser can have both TE and TM wave components, the STM excitation has only a TM component since it is regarded as a vertical oscillating dipole. In other words, as shown in Fig. 5, the STM-nanosource can only excite TM modes. However, with the laser, we also expect to be able to excite TE modes if they exist in the structure. Figure 9 shows the Fourier space results with the above-described laser excitation. The incident beam has either "horizontal" or "vertical" linear polarization, where "horizontal" and "vertical" refer to the axes in the CCD images. When the excitation polarization is "horizontal", the incidence is TM along the horizontal axis of the resulting Fourier space image and TE along the vertical axis. The opposite is the case for the "vertical" polarization. The reflected light beam is then recorded in the far-field on the CCD camera. Figures 9 (a) and 9 (b) present the Fourier space images with the "horizontal" and "vertical" polarizations of the excitation respectively.

From Fig. 9 (a), we see that for the "horizontal" polarization, the Fourier space image on the CCD camera shows two groups of dark semi-rings, one is in the horizontal direction and the other is in the vertical direction. Additionally, the diameter of the horizontal semi-rings in the Fourier space is smaller than the diameter of the semi-rings in the vertical direction.

To further investigate these semi-rings, we plot the intensity profiles from the horizontal and vertical axes of Fig. 9 (a). The results are shown in Fig. 9 (c) and 9 (e). We see a dip at k ∥ /k 0 ≈ ±1.044 in Fig. 9 (c). This is the characteristic SPP mode at an air/Au interface for an incident wavelength of 633 nm. Thus we conclude that we are exciting the "SPP-like" mode of the structure. Additionally, the reason why we see a dip rather than a peak is that the incident light with k ∥ /k 0 ≈ 1.044 couples to propagating surface plasmons at the air/Au interface. As a result, less light is reflected at this angle and there is a dip in the intensity.

As seen in chapter 2, SPP modes may only be excited by TM waves, which is consistent with the excitation direction of the "horizontal" polarization and the result along the horizontal axis of the Fourier space image.

The semi-rings along the vertical axis of Fig. 9 (a) are the result of a TE excitation. This suggests that in this case, the TE excitation couples to a photonic "waveguide-like" mode in the dielectric layer that was not excited with the TM-STM excitation. From Fig. 9 (e), we also measure that the effective index (n eff ) of this TE "waveguide-like" mode is around k ∥ /k 0 ≈ 1.19 for an incident wavelength of 633 nm.

Similarly, with the same method, Fig. 9 After presenting the results for the laser excitation of a plasmonic multi-layer stack, we will compare them with the results obtained from the STM excitation of the same structure with a bandpass filter of 625/26 nm in front of the detector, since its transmission band includes the laser wavelength of 633 nm. The comparison is shown in Fig. 10. Figures 10 (a) and 10 (b)

show the Fourier space images obtained with the laser and STM excitation respectively (they are the same results as in Fig. 9 (a) and Fig. 4 (a)). Their horizontal intensity profiles are shown in Figs. 10 (c) and 10 (d). We see that the effective index of the "SPP-like" mode in Fig. 10 (c) (which is around ≈ 1.044) is similar to that of the "SPP-like" mode in Fig. 10 (d) (which is around ≈ 1.045). The slight difference is due to the finite bandwidth of the bandpass filter in Fig. 10 (d).

Examining carefully Fig. 10 (d), we find that there exists two secondary peaks (annotated as blue arrows). We have already shown that these second peaks are "waveguide-like" modes.

The effective index (n eff ) of this "waveguide-like" mode is around k ∥ /k 0 ≈ 1.43. In the case of laser excitation (Fig. 10 (c)), there appears to be a shallow dip (annotated as blue arrows)

and the effective index of this mode is k ∥ /k 0 ≈ 1.49. In fact, this mode should be the same "waveguide-like" mode observed in Fig. 10 (d). The difference in the effective index might be attributed to the fact that the dip position in Fig. 10 (c) could be shifted due to the rapid decrease of the light intensity at high angles.

Using laser excitation, we may not get accurate effective indices of the "waveguide-like" modes due to the rapid decrease of light intensity at high angle. This rapid decrease of light intensity may be caused by the apodization effect. The amplitude distribution of light at the exit of the objective pupil depends on the apodization of the objective pupil. The apodization factor is termed as [21]:

B(θ, φ) = √cos θ (5.4)
where θ is the angle of emission of the light with respect to the optical axis and φ is the azimuthal angle in the object plane.

According to the apodization factor in equation (5.4), for the same φ, with increasing θ, the value of B(θ, φ) decreases as √cos θ. This means that at higher emission angles, less light will be collected by the objective.
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As a result, in the case of laser excitation, light is collected at all the angles up to the acceptance angle of the objective, and intensity of the collected light will depend on the apodization at high angle. For STM excitation, however, light is only emitted at certain angles, so the apodization will have a lesser effect.

Note then that the dark background in Fig. 10 (b) is flater than the bright background in Fig. 10 (a). This mean that the noise is less for STM excitation than for laser excitation. This is also clear from comparing the background noise in Fig. 10 (c) and in Fig. 10 (d). If we consider the laser excitation experiment as a kind of "absorption measurement" and the STM experiment as an "emission measurement", then from our comparison, we see that the "emission measurement" has a better signal-to-noise ratio than the "absorption measurement". This has been demonstrated before for the emission of light from a single molecule [22], [23]. In the "absorption measurement", the signal-to-background ratio is very weak but in the "emission measurement", it improves. In conclusion, in this section we have shown that we can use laser to probe the TE modes which are inaccessible with the TM-STM excitation. However, improved single-to-noise of the STM "emission measurement", as compared to the laser "absorption measurement" allows us to measure the TM "waveguide-like" mode which is barely visible with laser excitation.

STM excitation of different plasmonic multi-layer stacks of various

SiO2 thicknesses 5.5.1 Fourier space images of an STM excited Au (𝟑𝟎 𝐧𝐦)-SiO2 (𝟕𝟎 𝐧𝐦)-Au (𝟑𝟎 𝐧𝐦)

multi-layer structure with different bandpass filters

Previously, we detailed the results of the plasmonic Au ( 30 nm)-SiO2 (310 nm)-Au (30 nm) multi-layer stack. In this section we will discuss the influence of the thickness of the dielectric layer. Figure 11 shows the Fourier space images achieved from the STM excitation of an Au (30 nm)-SiO2 (70 nm)-Au (30 nm) structure with different bandpass filters in front of the CCD camera. Unlike the 310 nm thick dielectric layer case, when the thickness is decreased to 70 nm, no "waveguide-like" mode is seen in Fig. 11.

125 To further investigate the experimental results of Fig. 11, we plot the effective index as a function of emission wavelength as well as the dispersion relations and results are shown in Fig.

12. Here, we also use the simulation results in the same way as we did in Fig. 6 for comparison.

A 50 nm thick Au film without an SiO2 layer is used as a reference.

From Fig. 12 (b), we see that the experimental dispersion relation for the Au (30 nm)-SiO2

(70 nm)-Au (30 nm) structure and the Au film (50 nm) are nearly overlapping. Additionally, both of them lie on the line of the theoretical SPP dispersion curve (air/Au interface). The simulation results calculated by Moustafa Achlan and Georges Raseev show good agreement with the experimental results, except at short wavelengths around 625 nm. This discrepancy was attributed to a possibly incorrect dielectric function which has been already discussed in Fig. 6. From the results shown above, we see that when the thickness of the SiO2 dielectric layer is decreased to 70 nm, only the "SPP-like" mode is detected. This could mean that any other existing modes have an effective index greater than 1.49 , the numerical aperture of our objective. Thus, the appearance of measurable modes depends on the thickness of the dielectric layer. Below we continue to explore the effect of the thickness of the dielectric layer. For the 310 nm thick dielectric layer sample, both an "SPP-like" and "waveguide-like" modes were identified while for the sample where the thickness of the dielectric layer is 70 nm, only the "SPP-like" mode was detected. In the next step, we explore the case of a sample with an SiO2 layer of intermediate thickness. Figure 13 (a)-(h) show the Fourier space images obtained from the STM excitation of the plasmonic multi-layer stack with Au (30 nm)-SiO2

(190 nm)-Au (30 nm), using different bandpass filters at the detection. We find that unlike the 70 nm-SiO2 layer sample, in the 190 nm-SiO2 structure, the STM excitation excites two different modes (two rings are seen in the Fourier space images for short wavelength (λ ≤ 650 nm). Also compared to the 310 nm-SiO2, the second mode appears at shorter wavelengths for the 190 nm structure.

In addition, intensity profiles obtained along the white dashed line in each Fourier space image are also shown in Fig. 13 (i)-(p). An interesting phenomenon is observed in the image where a bandpass filter at 655/40 nm was used. At this wavelength, there is a strong increase in the intensity of the outer ring in the Fourier space image (see Fig. 13 (j)). This does not occur for the structure with the 310 nm thick SiO2 layer. These observations suggest that there is a peak in the optical local density of states at this wavelength for this specific thickness, since this corresponds to a gap edge in the optical band structure of the MIM system [24].

mode are much lower than the theoretical calculation for the SPP mode on an air/Au interface (equation (5.3)). This is also true for the simulation results. To understand why the "SPP-like" modes have lower effective indices at short wavelength, laser excitation and further simulations are performed. Figure 15 (a) presents the Fourier space image acquired by laser excitation with an incident wavelength of 633 nm and "horizontal" polarization (see section 5.4). From Fig. 15 (a), looking only at the TM excitation, we observe the signature of two TM modes along the horizontal axis. structure when λ = 633 nm). In this case, the peak of the electric field intensity in the dielectric layer is comparatively large as compared to that of the electric field intensity at the air/Au interface. As compared to the 310 nm-SiO2 layer structure, for this structure with a SiO2 layer of intermediate thickness (190 nm), the hybrid "SPP-like" mode is of greater photonic or waveguide character. We can then explain the decrease in the effective indices at short wavelength as an increase in the photonic nature of the mode. 

k ∥ k 0 = 1.395.

Optical band images and spectra for the three different structures

By measuring the effective indices from the Fourier space images acquired with the STM excitation of the three plasmonic multi-layer stack structures, we have already plotted the dispersion relations of the "SPP-like" and "waveguide-like" modes. But due to the discontinuous wavelengths of the individual bandpass filters used, we do not measure a continuous curve. In particular, we cannot identify for what "cut-off" wavelength the "waveguide-like" mode begins to exist for a specific SiO2 layer thickness. In this section, we show the optical band images acquired by angularly-resolved spectroscopy. As shown in chapter 3, by projecting the Fourier-space image on the entrance slit of the spectrometer, we spectrally resolve the emitted light along a line in the Fourier plane. Thus, an image is recorded with spectral and angular coordinates along the horizontal and vertical axes, respectively. . The wavelength at which the curve splits is ≈ 670 nm for the 190 nm-SiO2 layer structure and ≈ 850 nm for the 310 nm-SiO2 layer structure. As discussed above, no "waveguide-like" mode appears when the thickness is 70 nm-SiO2 which is confirmed in Fig. 17 (a).

As we introduced in chapter 2, the STM excitation is of broadband nature. Note that through the interaction of the STM excitation with the plasmonic multi-layer stack, the spectrum of the emitted light changes. For the 190 nm structure, the wavelength range of the emission is from 550 nm to 850 nm and for the 310 nm structure, the wavelength range is extended to 1000 nm. This may be explained by realizing that by changing the sample, we change the frequency dependent optical local density of states which in turn then influences the excitation efficiency of the STM-nanosource. nm). Bias is set to 2.8V, the setpoint current is 1 nA and acquisition time is 300s.

Figure 18 (a) presents the optical spectra measured for the three plasmonic multi-layer stack structures. From Fig. 18 (a), we clearly see that as the thickness of the dielectric layer increases, the spectrum shifts to the red. This confirms the results of Fig. 17.

Another interesting point is that the spectrum for the 190 nm structure displays a comparatively narrow peak. Its FWHM (full-width at half-maximum) is around 125 nm. Note also its shape (a narrow peak at ≈ 740 nm with a shoulder at ≈ 710 nm). structure, there is also a slight dip at around 854 nm. Note that the "cut-off" wavelengths were identified in Fig. 17 Bias is 2.8V, the setpoint current is 1 nA and acquisition time is 300 s.

The observed dip may be due to the strong coupling of the "waveguide-like" and "SPPlike" modes in the plasmonic multi-stack structure. Figure 19 (a) and 19 (b) plot the simulation results for optical band images for the 190 nm and 310 nm structure calculated by Moustafa Achlan and Georges Raseev. In both Fig. 19 (a) and 19 (b), we see an anti-crossing which is easiest to see for the 190 nm structure as compared to the 310 nm structure. This is reflected in the experimental results where the dip is more pronounced for the 190 nm structure as compared to the 310 nm structure. Though this phenomenon is not visible in the experimental optical band image (Fig. 17), the dispersion curve for the 190 nm-SiO2 layer structure (Fig. Optical bands for the (30 nm)/SiO2 (310 nm)/Au (30 nm) structure. Note the anti-crossing behaviour apparent in the circled region.

Conclusion

In conclusion, we have probed the optical band structure of a plasmonic Au-SiO2-Au multilayer stack using an STM-excited nanosource. The dispersion relations show the existent of an "SPP-like" and a "waveguide-like" mode. By changing the thickness of the dielectric layer, we find that the coupling between the "SPP-like" and the "waveguide-like" modes is varied. A "strong coupling" feature is seen when the thickness of the SiO2 layer is 190 nm.

Moreover, laser and STM excitation of the same stack is compared. We demonstrate that the STM excitation, which is comparable to an "emission measurement" has a better signal-tonoise ratio than the laser excitation which is analogous to an "absorption measurement".

These findings enhance our understanding of plasmonic multi-stack structures and at the same time highlight the potential of the STM as an optical nanoscopic technique to probe the optical bands of plasmonic nanostructures.

Chapter 6 STM excitation of surface plasmons on individual Au triangular plates

In this chapter, we discuss the experimental results obtained when the STM is used to excite surface plasmons on isolated Au triangular plates. Two separate investigations are included. In the first section, we demonstrate a directional nanosource of light achieved by correctly choosing the STM excitation position on the triangular plate. In the second section, we investigate whether we can probe the optical local density of states (LDOS) of an individual plasmonic object by STM. Note that this is a work in progress and the explanations of the experimental results are preliminary.

Directional light emission from an Au triangular plate 6.1.1 Introduction

In previous chapters, we have discussed directional light emission from propagating SPPs scattering into light at slits in a thick gold film (chapter 3 and 4). In this section, we focus on the localized surface plasmons of an isolated triangular plate excited by STM. In this way, a directional nanoscale source of light is obtained.

Directional light emission from plasmonic nanoparticles has already been reported for different structures such as Yagi-Uda antennas [1], [2], a single gold nanodisk [3], and U-shape nanoantennas [4]. In this section, we will discuss the directional light emission that arises when a single triangular Au plate is excited by STM.

Sample preparation and characterization

These triangular plates have been synthesized by colloidal chemistry using a widely used protocol, termed seeded growth, in water in the presence of the CTAB surfactant. These nanoplates have been provided by Sylvie Marguet (CEA Saclay) in the context of a collaboration (COSSMET project) following an already published protocol by the Chad Mirkin group in 2005 [5]. Figure 1 shows the Scanning Electron Microscopy (SEM) image of an area of the sample where the Au triangular plates have been dispersed on the ITO (85 nm)-coated glass substrate. Their side lengths range from 600 nm to 900 nm. From Fig. 1, we see that there are also some hexagonal plates on the sample. It is common to obtain a variety of shapes using such synthesis methods [6], [7]. 

Fourier space images obtained with the STM excitation centered on the triangular plate

In order to study the light emitted when a thin gold triangle is excited by STM, Fourier space imaging will be used. Recall that in Fourier space we measure the emission angle and angular spread of the emitted light. First, our STM excitation is located in the center of a triangular plate. The side length of the plate is L ≈ 700 nm with ≈ 20 nm in thickness. In these experiments, the "Veeco" setup is employed (see chapter 2). Bias is set at 2.8 V so that SPPs emitting in the visible may be excited. The result is shown in Fig. 3 (a). From Fig. 3 (a), we see that the light is distributed almost homogenously over a ring pattern. The inside radius of the ring corresponds to the critical angle of total internal reflection (NA = 1) and the outside radius is the numerical aperture of the microscope (NA = 1.45). The specificity of the system being studied is that it is of "intermediate" size. An object whose length L ≫ λ may be considered similar to a thin film; on the other hand, radiation from a nanoparticle of size L ≪ λ may be approximated as a dipole. In our case, however, L ≈ λ.

This spcificity is confirmed if we examine theoretically the two cases (i) L ≫ λ (thin film) and

(ii) L ≪ λ (dipole radiation) (calculation seen in Appendix C). From Fig. 4 (a) we see that most of the radiation from a dipole above a thin (20 nm thick) Au film is emitted as expected at the leakage radiation angle. A dipole above a glass substrate (Fig. 4 (b)) has a peak in its Fourier space image at the air/glass critical angle, but emits comparatively more of its radiation at higher angles than the thin film case. Neither, however, has the same almost "flat" response for 1 < |n sin θ| < 1.49 which is seen for the STM-excited triangle (Fig. 3 (b)).

Note also that in Figs. From the size of the triangle (L = 700 nm, thickness ~20 nm), we do not expect its dipolar modes to be in the visible. Thus, even if they are excited by the STM-nanosource, their emission is not detected. Since the STM-nanosource may be approximated as a vertical oscillating dipole, the Fourier space image of Fig. 4 (b) could be expected if the STMnanosource did not couple to any modes in the visible. Instead, the pattern displayed in the Fourier space suggests that higher order localized plasmonic modes of a triangular plate are excited by the STM-nanosource. The superposition of the higher order modes could lead to observed broad angular distribution in the Fourier space. The different modes existing on the triangular plates will be discussed in section 6.2.

Fourier space images when the excitation is at the edge of a triangular plate

Now on the same triangular plate, we move our excitation to the center of a side edge and record the Fourier space images seen in Fig. 5. For the Fourier space images, all the experimental parameters are kept the same as those for the excitation in the center of the triangular plate. other advantages of an nanotriangle directional source. First of all, it is complicated to fabricate Yagi-Uda antennas since five nanostructures must be carefully aligned and also its directivity is very sensitive to the excitation location. Secondly, in our case, we achieve different directional light emission by moving the excitation to different sides of the triangular plate, while in the Yagi-Uda antenna case, they need to fabricate differently orientated nanostructures for light emission in different directions. Finally, the Yagi-Uda antenna only works for a small wavelength range. While more experimental work is necessary (i.e., using bandpass filters in front of the CCD camera) the triangular plate appears to work well over a broad wavelength range since our STM-nanosource is broadband.

In order to explore further the possible origins of the directional light emission, we investigate the influence of the particle shape. To understand if the shape of the structure may have an effect on the directivity, a hexagonally shaped plate which also exists on the sample is investigated. We repeat the STM excitation experiment in the center of each edge of the structure. All the experimental parameters are kept the same as for the triangular plate. Here, our hexagonal plate has the same thickness (≈ 20 nm) as the triangular plate. The hexagonal plate has a shortest side length of near ≈ 300 nm and a longest side length of around ≈ 500 nm and its STM image is shown in Fig. 6 (a).

From Fig. 6 (a), we see the six different sides annotated as b to g in sequence. In this case, our STM excitation moves from side b until side g. Fourier space images are recorded on the CCD camera and the results are shown in Fig. 6 (b)-(g). We clearly see that in the Fourier space image, the light is concentrated along one part of the ring. Besides, the direction of light emission in Fourier space is also perpendicular to the side direction for the hexagonal plate as was the case for the triangle. that when the excitation is located at a vertex, the Fourier space image displays a different pattern than when the excitation is at the edge. Now, when the excitation is at the vertex, the direction of light emission is mainly towards its two neighboring sides rather than in line with the vertex (more data can be seen in Appendix C). According to all the above mentioned experimental results, we put forward some ideas which could explain the directional light emission.

(1) First, as we mentioned in the previous subsection, higher order plasmonic modes of the large triangular plate may be excited. Without simulations however, we cannot determine with precision which higher order modes are excited. From the reference [3],

we learn that when the excitation by a focused high energy electron beam is offcentered on a nanodisk, directional light emission is also obtained. Their simulation results show that directional light emission is due to the far field interference of different multipole (magnetic dipole and electric quadrupole) moments generated in the disk. So, in our case, by analogy, the directional emission may be due to the interference of the radiation from higher order multipole modes of the triangular plate when the excitation if off-centered. However, since a hexagonal plate has six-fold symmetry and a triangular plate has three-fold symmetry, while some modes in each structure may be similar, but others will be quite different. Thus, it seems surprising that the directionality is so similar for triangular and hexagonal plates, which have different sizes and symmetries, if the directionality is purely the result of the excitation of higher order modes. More data and a careful look at how the directionality varies as a function of particle shape and size, as well as the corresponding simulations are necessary to clarify this point.

(2) Second, another possibility is that the directional light emission is related to the edge.

As illustrated in Fig. 8 (a), when the tip is at the edge of the plate, light will scatter at the edge. It seems possible that more light might be collected at angles in directions away from the metal triangle, since there are losses in the metal. i.e., some of the light in other directions may be absorbed. As a result, we obtain that more light is emitted away from the edge. To confirm this hypothesis, further experiments should be completed. The experiment is sketched in Fig. 8 (b), the sample is an Au film covering, for example, half the substrate. In this case only "film-like" and no "particle-like" modes will exist. STM excitation at the edge of the Au film on glass will then be performed. If we can obtain directional light emission in this experiment, this suggests that our directional light emission from the edge of the triangular plate could be due to an edge effect rather than to the excitation of higher order modes. Using this simplistic argument, however, one would expect to see directional light emission in the direction of the vertex in Fig. 7. Note that the triangle vertices are often truncated (see Fig. the deposited Au film will not cover the whole substrate and the STM excitation will be located at the edge of the gold film.

Can we probe the optical local density of states of an individual

triangular plate with the STM-nanosource?

Introduction

As discussed briefly in chapter 2, the optical or electromagnetic local density of states influences the local optical behavior (e.g., whether a fluorophore will be quenched or enhanced) [8]. Besides, we noted in chapter 2 that the electronic local density of states (E-LDOS) is distinct from the optical LDOS, and that it is known that the scanning tunneling microscope may be used to resolve the E-LDOS with atomic resolution in vacuum.

In this section, we want to explore whether we can resolve the optical LDOS using the STM-nanosource. If we can map the optical LDOS of a nanostructure, we obtain information about the photonic eigenmodes of the nanostructure.

There are various techniques that may be used to map the optical LDOS. Scanning nearfield optical microscopy (SNOM) has been used to image the optical LDOS in an optical corral [9]. Two-photon luminescence (TPL) microscopy was also shown to be a possibility for the visualization of the optical LDOS of a thin gold microcrystal [10]. Additionally, electron energy-loss spectroscopy (EELS) was shown to map the projection in the direction of the exciting high energy electron beam of the optical LDOS in nanostructures [11], [12].

Theoretical calculations have suggested that the STM has strong similarities with the scanning near-field optical microscope (SNOM) [13]. While results by Guillaume Schull et al.,

have shown that the STM can optically probe the electronic LDOS on a triangular Au island [14], a demonstration that the STM can map the optical LDOS is still lacking. In this section, we will discuss the experimental results where we investigate the possibility of using the STMnanosource to map the optical LDOS of an individual triangular plate.

Triangular plates of smaller sizes have previously been studied by different techniques.

For a small individual triangular plate of side length around ≈ 280 nm, experimental investigations have shown the existence of three eigenmodes at the vertices, along the edges and in the center which cover a wide spectral response from the ultraviolet to near infrared range [15]. In their work, low-loss energy-filtering transmission electron microscopy (EFTEM) was employed to map the surface plasmon resonances on a single small triangular nanoprism. a combination of edge and center modes [15].

Other work has focused on small triangular particles (the side lengths are all smaller than 300 nm). Different techniques such as EELS and cathodoluminescence, have been used to study such small triangle particles. [16], [17].

In our work, we will experimentally study large triangular plates with side lengths of around 600 nm to 900 nm and a thickness of around 20 nm. As the optical LDOS is related to the modes of the particle, we will attempt to locally excite these modes with the STMnanosource and determine whether we can map the optical LDOS in this way.

Spectral behavior when the excitation is centered on an individual triangular plate

Since a mode exists at a specific energy, the first step toward local mode mapping is to measure the spectra when the excitation is on the triangular plate. For the spectral measurements, triangular plates of different side lengths (L) such as 600, 800 and 900 nm have been used (the thickness is near 20 nm). Note that all the spectra are corrected for the instrumental response (see chapter 2).

For the first measurement, we move our excitation to the center of the triangular plate (L = 800 nm) and record a spectrum. The experimental results are shown in Figure 10 (blue curve).

We see a strong peak at the wavelength of around 730 nm (energy near 1.68 eV).

In order to verify for the reproducibility of the spectra, we repeat the experiment a second time (see Fig. 10 (red curve)). Comparing the two measurements, we see that the shape of the spectra are very similar. Any slight differences may be due to an effect of the tip (during the excitation on the triangular plate, the tip may change its shape slightly). Figure 11 shows the acquired spectral results when the STM excitation is centered on a triangle with L1 = 600 nm (red curve) and a triangle with L2 = 800 nm (blue curve). In Fig. 156 11, the two spectra overlap at the main peak wavelength of ≈ 730 nm (energy ≈ 1.68 eV). This indicates that the size of the triangular plate has little influence on the energy of the main peak. Since the excitation position is in the center of the particle, we propose that the main peak corresponds to the central mode of the triangular plates (see Fig. 9 (e)). Since the spectra from different structures have the same main peak, the responsible phenomenon depends little on the size of the triangular plate.

However, the two spectra also show a small second peak which is annotated with the blue and red star in Fig. 11. With increasing side length of the triangular plate, these small peaks shift towards longer wavelengths. Unlike the main peak, this secondary peak shows different spectral behavior with changing side length.

To further understand the spectral features, our collaborators Mario Zapata, and Javier Aizpurua from the Donostia International Physics Center in Spain and Andrei Borisov from ISMO simulated the spectra using COMSOL. In their simulations, the inelastic tunnel current from the STM tip is approximated as a vertical oscillating dipole. Here, for comparison, the dipole in the simulation is located in the center of the triangular plate. The simulated spectra are obtained by integrating over all angles of emission. Note that this is different from the experiment where light is collected only below the substrate with a maximum collection angle of ≈ 72° (NA=1.49). In order to take into account the excitation spectrum of the source which depends on the tunneling probability, the flat spectrum of the vertical oscillating dipole is multiplied by F = (eV -E) for E < eV, instead of; 𝐹 = 0 otherwise, where V is the applied voltage and E is the photon energy (see chapter 2). The resulting calculated spectra are shown in Fig. 12 along with the experimental results for triangles with side lengths L1 = 600 nm and L2 = 800 nm.

Comparing the simulation results for different side lengths, we see that the peak positions change little for shorter wavelengths and shift towards the red for increasing side lengths for the longer wavelengths. This is the same tendency as in the experiment; when the excitation is centered on the triangular plate, the side length has little influence on the spectra except at longer wavelengths.

However, when comparing the simulation and experimental results, there exists a major difference: the spectra from the simulation presented several distinct peaks while in the experimental results, there is only a main peak and a secondary peak. The difference could be due to several factors:

1) The dielectric function of gold that is used for the simulation may be very different from the true value; in particular, the losses may be underestimated.

2) Another reason may be the fact that the dielectric constant of the ITO layer is taken as a real constant (ε = 4). In reality, the dielectric constant of ITO is frequency dependent and has an imaginary part. The imaginary part in the ITO dielectric constant could introduce more loss in the experiment compared with the simulation.

3) All edges are abrupt in the simulation but are rounded in the experiment. This could affect the results, along with non-included sources of loss such as roughness.

4) Finally, there is no STM tip present in the simulation. Since the tip is made of tungsten which is lossy in the considered wavelength range, its presence could be an important source of loss in the experiment, which is not included in the simulation. 

Spectral behavior for different triangular plate sizes and excitation at the edge

We have already discussed that when the excitation is centered, the spectrum displays a main peak that changes little with side length and a secondary peak which is side-length dependent. Now we will consider the results when the excitation is at the edge of triangular plates of different side lengths L. We move the excitation to the middle of an edge of the triangular plate, as sketched as tip position 1 in Fig. 13. We measure the spectrum and compare the result with that which is obtained when the tip is centered (tip position 2 in Fig. 13). We find that the spectra are different when the excitation is on the edge or centered on the triangular plate. When the excitation is on the edge of the triangular plate, there are three peaks (wavelengths of ≈ 885 nm , ≈ 766 nm and ≈ 688 nm or energies at ≈ 1.4 eV , ≈ 1.6 eV and ≈ 1.8 eV for L = 600 nm) as opposed to only two peaks (at ≈ 730 nm, ≈ 900 nm or energies at ≈ 1.7 eV and ≈ 1.37 eV) when the excitation is centered.

Figure 13. Spectra when the excitation is in the center and on the edge of a triangular plate.

The inset shows the tip excitation positions on the triangular plate. The side length of the triangle is around ≈ 600 nm with a thickness of near ≈ 20 nm. We record a spectrum with the excitation at an edge, and in the center of the structure. The black line shows the spectrum when the tip position is at 1 and red line shows the spectrum when the tip position is at 2. We set the bias at 2.8 V, tunnel current setpoint at 0.5 nA and acquisition time as 300 seconds.

In Fig. 14, we compare the spectra from edge excitation for triangles with L = 600, 800 and 900 nm. We see that different sizes of triangles show very different spectral behavior. This is unlike the situation when the excitation is centered on the structure. For the side length around 600 nm, three obvious peaks are seen at the wavelengths of ≈ 675nm, ≈ 760 nm and ≈ 890 nm . Two peaks are seen for the side length around 800 nm at the wavelengths of ≈ 760nm and ≈ 890 nm. Two peaks for the side length 900 nm triangular plate at the wavelengths of ≈ 800 nm and ≈ 925 nm. Unlike the case where the excitation is in the center of the triangle, here the whole spectrum seems to red shift with increasing side length of the plates. A similar tendency is seen for aluminum triangular plates of similar size studied with EELS [18]. Since we are exciting on the edge, we expect to excite edge modes most efficiently. We might then tentatively identify these modes as edge modes.

Mario Zapata also simulated the spectra when the excitation is on the edge of the triangular plate. In the simulation, the excitation dipole is now located at the edge of the triangular plate shown in Fig. 15 (red dot defined as Pos2). The spectra are also calibrated as in Fig. 13 and the results are shown in Fig. 15.

Figure 15 shows the experimental and simulation results for triangular plates of different sizes. P 2,0 , P 2,1 , P 2,2 , P 2,3 and P 2,4 label the modes which appear in the calculation for the excitation at position 2 (center of the edge). Here, P 2,0 is a higher order mode since it has the largest energy (lowest wavelength). As seen in the experiment, we observe that by increasing the side length L of the triangular plate, the modes shift toward longer wavelengths (smaller energy).

In Fig. 15, the experimental results are plotted as the dashed curves and simulation results are plotted as the solid curves. Starting with the smallest triangle, the following observations may be made. For L = 600 nm and 630 nm, the number of peaks and their relative intensities in the calculation seem to fit quite well with the experimental results, though the L = 600 nm data is slightly blue shifted with respect to the simulation. This may be due to the fact that the edges of the triangle are not abrupt but slightly rounded, reducing the effective size of the triangle. A major difference for L > 780 nm , is that the P 2,0 mode is not seen in the experimental results. From the spectra results we observe the following: for an excitation position in the center of the triangle the highest peak in the emission spectrum is at shorter wavelengths than when the excitation is at an edge. This is seen in both experiment and simulation. The fact that the spectrum varies with excitation position is the first indication that the STM-nanosource is sensitive to the optical LDOS. 

Photon mapping of a triangular plate

As mentioned at the beginning of this section, the main idea of this experiment is to see if we map the optical LDOS with the STM-nanosource. To investigate if this is the case, our STM tip will now continuously scan over the triangular plate. When the excitation is at each pixel of the triangular plate image (the total number of pixels is 50 × 50), all the photons emitted from the 50 µm 2 area seen by the APD detector (see chapter 2) will be collected. After continuously scanning over the entire triangular plate, a photon mapping image is formed and from the photon mapping image, we directly see at which excitation position on the triangular plate, we acquire more photons. The APD is a single photon detector which produces a TTL signal which is integrated by the STM controller. As a result, we acquire the topography image, tunnel current map image and the photon map image simultaneously.

The ideal system to test if the STM-nanosource can map the optical LDOS would be the following: a structure whose modes are well-spaced in energy so that they may be easily separated; and a structure with an easily-resolved mode pattern in the visible. In that case, the photon map generated by the STM-nanosource and filtered at the energy of the mode should resemble the mode pattern and represent the optical LDOS as in the case of EELS (see e.g., [18]).

Thus, we will performed filtered photon mapping on individual triangular plate to see if there are differences in the photon images as a function of wavelength. Ideally, the filters would correspond to the peaks identified in the spectra, but we have simply used the filters available.

Figure 16 shows all the information obtained from a triangular plate with a side length of L ≈ 630 nm and a height of around 20 nm. The results shown here are acquired during a photon mapping experiment with a bandpass filter of 900/40 nm. The phenomenon of higher current and higher topography appearing on the edge of the triangular plate appears for all the triangular plates tested with an applied voltage of V = 2.8 V.

Moreover, this phenomenon is almost absent when imaging at a low voltage (0.5 V). We have previously shown that the STM tunnel current is unstable when imaging at high (> 2V) applied voltage in air and have attributed this instability to the existence of an electrochemical current [19]. This unstable current (and the associated oscillation of the tip) may be what leads to the above observations. The exact mechanism leading to this artifact, however, is unclear.

For the photon mapping image, one interpretation might be that the bright areas along the edge may simply be due to the increased current. To explore this, we normalize the photon image by the current image, i.e. we divide the photon image of Fig. The above results are for a bandpass filter of longer wavelength (900/40 nm). For comparison, shorter wavelength (≈ 750 nm) photon mapping will be done. Here we see that for the photon yield larger than the threshold, the excitation is both on the edge and inside of triangular plate and for the photon yield smaller than the threshold, the excitation is mainly seen along the edge of the triangular plate. The ratio of photon yield per pixel in Fig. 19 (c) is near 3 times that of Fig. 19 (d).

Therefore, according to this analysis of the photon maps, we may conclude that at large wavelength of 900 nm (low photon energy), the best excitation position to see more photons is on the edge of the triangular plate. For small wavelength of 750 nm (high photon energy), the best excitation position to see more photons is in the center part of the triangular plate. The difference between the edge and center part for photon occurrence is more pronounced at the wavelength of 900 nm (9 times different) than at 750 nm (3 times different). Another series of mapping results for more bandpass filters may also be found in Appendix C. for different wavelengths. In the simulation, the inelastic tunnel current is approximated as a vertical oscillating dipole which is moved to different positions on the triangle.

From the simulation at λ = 900 nm, results (Fig. 20 (i)), we see an edge pattern which is quite similar to the experimental results (Fig. 20 (c)). Additionally, the simulation shows variations in the intensity along the edge which cannot be resolved experimentally.

The pattern evolves as λ decreases but remains localized on the edge until λ = 650 nm In Fig. 20 (d), a quite similar pattern is seen as in the experiment for the wavelength range λ = 680 -720 nm (Fig. 20 (a)). Thus both experiments and simulations show the same trends: for longer wavelengths there is more light emitted when the excitation is on the edge and for shorter wavelengths there is more light when the excitation is in the center. This is a third piece of evidence suggesting that the STM-nanosource is sensitive to the optical LDOS. The above results are consistent with each other: the spectral peak positions shift as a function of excitation position with the highest peak at short wavelengths for excitation in the center, and the highest peak at longer wavelengths for excitation on the edge. The photon mapping results show that more light is emitted at shorter wavelengths when the excitation is in the center while the highest intensity at longer wavelengths is emitted when the excitation is on the edge. The simulation results show the same trends. Thus we conclude that the above evidence supports the idea that the STM-nanosource is sensitive to the optical LDOS.

Experimental difficulties

While the above results are encouraging, we cannot unambiguously conclude that the STM-nanosource probes the optical LDOS for several reasons. For example, in Fig. 12, we see that experimentally we have a lack of spectral resolution, probably due to loss in the tip, secondly, in Fig. 18, we see that the signal-to-noise ratio is too low to resolve the intricate pattern seen theoretically in Fig. 20. Possible solutions include using a less lossy tip (but if it is plasmonic, it will perturb the system being studied), and choosing an experimental system whose mapping pattern would be more easily resolved. Other experimental difficulties are discussed below.

First, after performing photon mapping several times on the same nanoplate, the STM may modify the plate slightly; small protrusions may appear. These protrusions may be the result of the photon mapping process because high bias (2.8 V) is applied and this results in an unstable tunnel current (as discussed before). Therefore, experiments cannot be infinitely repeated on the same triangle. Figure 21 shows how the topography is modified by the STM tip after several photon mappings on the same plate. Secondly, it is difficult to control the STM tip light emission efficiently. During the photon mapping process (more than 1 hour for each photon mapping image), photons are collected at each pixel. However, the STM tip plays an important role in photon excitation. We cannot ensure that the STM excitation is equally efficient for each pixel. Therefore, the photon mapping images have extra noise since the tip may slightly vary with time.

Secondly, artifacts may exist due to an edge effect. Figure 22 sketches the situation when the STM tip scans over the triangular plate. Comparing Figs. 22 (a) and 22 (b), we see that when the tip scans across an edge, the inelastic tunnel current is better represented by a tilted than a vertical oscillating dipole. A tilted dipole contains both horizontal and vertical components.

Thus, the fact that more photons are emitted when the excitation is at the edge may be due to the fact that the horizontal component excites certain modes more efficiently. The mapping image is then a "mixture" of different projections of the optical LDOS if it is correct to consider the excitation as a tilted dipole at the edge. This idea will be further investigated with simulations. 

Conclusion

In conclusion, in this chapter we have used a biased STM tip to electrically excite individual Au triangular plates. We discuss two aspects of the results.

First, when the STM excitation is centered on the triangular plate, from the recorded Fourier space image, we obtain light source with a broad angular distribution (from ≈ 42° to ≈ 72°) which is quite different from the thin Au film radiation pattern (emission at around 43°).

When we move our excitation to the edge of a triangular plate, directional light emission is obtained. The direction of the light emission is perpendicular to the edge orientation of the plate.

The same results can be repeated on an Au hexagonal plate. We propose that the mechanism for directional emission is the excitation of higher order plasmonic modes. Future simulation work can be done to confirm our hypothesis.

Secondly, we have investigated whether the STM-nanosource may be used to map the optical LDOS of a triangular plate. The first step is to measure the spectra with the excitation at the center and then at the edge of the triangular plate. The spectra show different features at different locations on the same structure. Next, a series of photon mapping results are shown both in experiment and simulation. Both the experimental and simulation results show the same trends; more light at shorter wavelengths is obtained when the excitation is in the center of the triangle, and more light is emitted at longer wavelengths when the excitation is at the edge.

Our results are consistent with the idea that the STM-nanosource can probe the optical LDOS. In order to demonstrate this unambiguously losses should be minimized. Also, a sample should be chosen whose modes are well-separated in energy so that they may be easily separated, and whose mapping pattern is easily resolvable.

Above all, our study provides insight into how to maximize the light emission from an STM-excited triangular nanosource (i.e., the excitation should be at the edge) and also suggests a potential technique of using an STM-nanosource to map the optical LDOS of individual plasmonic nanostructures.

Chapter 7 Conclusion and future work

In conclusion, in my thesis, we use different plasmonic nanostructures to control the emission of electrically excited light. Our electrical emission is from an "STM-nanosource" which uses the inelastic tunnel current between the tip of a scanning tunneling microscope (STM) and a metallic sample, to locally excite both localized and propagating surface plasmon polaritons.

We focus our study on a circular plasmonic lens, an elliptical plasmonic lens, a planar plasmonic multi-layer stack and an individual triangular plate. As compared to a simple thin gold film, we find that a structured Au film displays an extraordinary capacity to control and shape the emitted radiation.

The interaction of an STM-nanosource and a circular plasmonic lens (a series of concentric slits etched in a thick gold film) produces a radially polarized microsource of light of low angular spread (≈ ±4°). The operation of the circular plasmonic lens may be understood simply as follows: the STM-nanosource excites an SPP circular wave on the central disc of the lens, which then propagates to the slits where the SPPs are scattered into light. The interference of this scattered light results in a nearly collimated beam. The influence of the structural parameters on the angular spread of the resulting microsource is also investigated. In addition, a low angular spread (< ±7°) for a large wavelength range (650 -850 𝑛𝑚) is achieved. Thus this electrically-driven microsource of nearly collimated light has a broad spectral response and is optimal over a wide energy range, especially in comparison with other resonant plasmonic structures such as Yagi-Uda nanoantennas. In the future, the STM excitation could be replaced by an integrated planar tunnel junction, leading to a fully integrated opto-electronic device.

The interaction of our STM-nanosource and an elliptical plasmonic lens (a single elliptical slit etched in a thick gold film) is also studied. When the STM excitation is located at the focal point position of the elliptical plasmonic lens, a directional light beam of low angular spread is acquired. Moreover, in the experiment we find that by changing the eccentricity of the elliptical plasmonic lens, the emission angle is varied. It is found that the larger the eccentricity of the elliptical lens, the higher the emission angle. This study provides a better understanding of how plasmonic nanostructures shape the emission of light. In future work, a multiple-slit elliptical plasmonic lens could be studied which might lead to directional emission with an even smaller angular spread, thanks to the interference of the light scatter from neighboring slits.

The interaction of STM-excited SPPs and a planar plasmonic multi-layer stack structure is also investigated. It is demonstrated that STM excitation can probe the optical band structure of an Au-SiO2-Au stack. We find that the thickness of the dielectric layer (SiO2) plays an important role in changing the coupling between the identified "SPP-like" and "waveguide-like" modes. Possible evidence for strong coupling is obtained for a specific dielectric layer thickness.

We also compare the results obtained by both laser and STM excitation of the same stack structure. The results indicate that the STM technique is superior in terms of signal-to-noise for TM modes. These findings highlight the potential of the STM as a sensitive optical nanoscopic technique to probe the optical bands of plasmonic nanostructures.

Finally, the interaction of an STM-nanosource and an individual triangular plate (𝐿 ≈ 600 𝑛𝑚) is also studied. We find that when the STM excitation is centered on the triangular plate, there is no directional light emission. However, when the STM-nanosource is located on the edge of the triangle, directional light emission is obtained. This study provides us a novel avenue to achieve directional light emission. We also study the possibility of probing the optical LDOS of the triangle with the STM-nanosource. The spectra, photon mapping and simulation results are consistent with each other and confirm that the STM-nanosource is sensitive to the optical LDOS. In the future, we propose using the STM-nanosource to map the optical LDOS on a structure whose modes are well-spaced in energy so that they may be easily separated; and a structure whose low-order mode has its energy in the visible.

Thus, our results show that the manipulation of light is achieved through SPP-matter interactions. Using plasmonic nanostructures, we control the collimation, polarization, and direction of the light originating from the STM-nanosource.

I ∝ (k ∥ ) 2 (t (p) (k ∥ )) 2 (1-k ∥ 2 k 0 2 ⁄ ) (c.2)
where k ∥ stands for all the in-plane wavevectors of light which may be collected by the objective, so k ∥ = [0, … NA] and k 0 is the wavevector of the light in free space. t (p) is the transmission efficiency of three layers structure and can be read as [2]: A bright ring at the leakage radiation angle is seen as expected. There is more intensity at angles higher than the critical angle when compared to the experimental results of the leakage radiation pattern for a 50 nm thick Au film (see Fig. Another difference presented in the intensity profile is that in Fig. 2 (b), in the region -1 < nsinθ < 1, the normalized intensity is nearly 0. However, in Fig. 3 (b) (chapter 6), we see that when -1 < nsinθ < 1, the normalized intensity is around 0.2. This confrims that the radiation pattern from a triangular plate is not well approximated by a thin film.

t (p
of bandpass filters of 750/40 nm , 800/40 nm , 850/40 nm and 900/40 nm for photon mapping. The triangular plate has a side length of ≈ 750 nm and all the results are shown in Fig. 6.

Figures 6 (a-d), (e-h), (i-l) separately show the topography images, current images and photon yield images for the same triangular plate with different bandpass filters in front of the CCD detector. The topography and current images show the same phenomenon as discussed before. We see that as the collection wavelength is gradually increased (the photon energy decreases), the tendency is that more and more photons appear when the excitation is on the edge. Nous avons ensuite étudié l'interaction entre la source STM et une lentille plasmonique elliptique.

Une émission de lumière directionnelle, ayant une faible ouverture angulaire, est obtenue lorsque l'excitation est positionnée au niveau de l'un des foyers de la structure elliptique. En variant l'excentricité de la lentille plasmonique elliptique, la direction tout comme l'ouverture angulaire de l'émission peut être contrôlées.

Puis, nous avons montré qu'une nanosource basée sur le STM permet de sonder la structure de bandes optique d'une multi-couche Plasmonique planaire (Au-SiO2-Au). Nous avons trouvé que l'épaisseur de la couche diélectrique joue un rôle important en modifiant le couplage entre les modes plasmoniques et photoniques. Des résultats comparatifs entre l'excitation STM et l'excitation laser d'une même multi-couche montrent une plus grande sensibilité avec la technique STM.

Enfin, nous nous sommes intéressés à l'excitation STM de feuillets triangulaires d'or d'environ 600 nm de côté. En choisissant soigneusement la position de l'excitation audessus du nanotriangle, une nanosource directionnelle avec un indice de directivité jusqu'à 6.8 dB peut être obtenue. De plus, nous avons montré la possibilité d'utiliser la nanosource STM afin de cartographier la densité locale d »états électromagnétiques d'objets plasmoniques individuels. investigating the interaction between the inelastic tunnel current from an STM and various plasmonic nanostructures. This "STMnanosource" is a local, electrical, low-energy nanosource of both localized and propagating surface plasmons. The main techniques used in this thesis are leakage radiation microscopy, real and Fourier space imaging, and imaging spectroscopy. As compared to a simple thin gold film, we find that a structured Au film displays an extraordinary capacity to control and shape the emitted radiation.

The production of a radially polarized microsource of low angular (≈ ±4°) is obtained using the STM excitation in the center of a circular plasmonic lens (a series of concentric slits etched in a thick gold film). We also study how the structural parameters of the circular plasmonic lens influence the angular spread of the resulting beam of light. We demonstrate that, contrary to what might be expected, the circular plasmonic lens structure produces a beam of lo angular spread for a large wavelength range. The operation of the circular plasmonic lens may be understood simply as follows: the STMnanosource excites an SPP circular wave on the central disc of the lens, which then propagates to the slits where the SPPs are scattered into light. The interference of this scattered light results in the nearly collimated beam.

We have investigated the interaction of the STMexcited nanosource and an elliptical plasmonic lens. We obtain directional light emission of low angular spread when the excitation is located at the focal point of the elliptical structure. We find that by changing the eccentricity of the elliptical plasmonic lens, both the direction and angular spread may be controlled.

We also demonstrate that the STM-based nanosource can probe the optical band structure of a planar plasmonic multi-layer Au-SiO2-Au) stack. We find that the thickness of the dielectric layer (SiO2) plays in important role in changing the coupling of SPP and photonic modes. Laser and STM excitation results on the same stack structure are compared, indicating that the STM technique is superior in terms of signal-to-noise for TM modes.

Lastly, we have investigated the STM excitation of an individual Au triangular plate (≈ 600 𝑛𝑚 in size). By correctly choosing the excitation position on the triangular plate, we obtain a directional nanosource and the maximum directivity is measured around 6.8 dB. In addition, we investigate the possibility of mapping the electromagnetic local density of states (EM-LDOS) of an individual plasmonic object using the STM-nanosource.

  𝜔) is positive, and, |𝜀 𝑚 ′ | > |𝜀 𝑚 ′′ |. Therefore, to meet the conditions in equation (2.3), we require: |𝜀 𝑚 ′ | > |ε d | (2.5) Now let us consider what type of mode satisfies the above conditions. Starting with a transverse electric (TE) wave, TE waves only have nonzero components of 𝐻 𝑥 , 𝐻 𝑧 and 𝐸 𝑦 , where, 𝐻 𝑥 , 𝐻 𝑧 and 𝐸 𝑦 are separately denoted as the (auxiliary) magnetic field in the 𝑥 direction, the (auxiliary) magnetic field in the 𝑧 direction and the electric field in the 𝑦 direction. Each component is shown in Figure 1(a).
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 1 Figure 1. Schematic of the metal (𝜀 𝑚 ) /dielectric (𝜀 𝑑 ) interface. (a) Schematic illustration of the electric and magnetic field components of a TE wave. (b) Schematic diagram of SPPs propagating at the interface. 𝑘 𝑥 defines the 𝑥 component of the wavevector of SPPs and 𝑘 𝑧,𝑑 and 𝑘 𝑧,𝑚 are respectively the perpendicular components of the wavevector in the dielectric and metal layers.
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  and Maxwell-Ampere equations for TE waves (
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 2 Figure 2 (a).
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 2 Figure 2. Schematic of the metal (𝜀 𝑚 ) /dielectric (𝜀 𝑑 ) interface. (a) Schematic illustration of the electric and magnetic field components of a TM wave. (b) Schematic diagram of SPPs propagating at the interface. 𝑘 𝑥 defines the 𝑥 component of the wavevector of SPPs and 𝑘 𝑧,𝑑 and 𝑘 𝑧,𝑚 are respectively the perpendicular components of the wavevector in the dielectric and metal layers.

  Figure 4 (a) show the relation by employing the dielectric constant of gold in equation (2.1) and Fig. 4 (b)

Figure 4 .

 4 Figure 4. Propagation length of SPPs at an Au/air interface for different wavelengths. The graph is obtained from equation (2.21) using a Matlab program. (a) Dielectric constant of gold is from equation (2.1). (b) Dielectric constant of gold derived from Johnson and Christy [3].
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 5 Figure 5 (a)-(c) respectively shows the Kretschmann configuration, Otto configurationand grating configuration[4]-[6] which we already mentioned in chapter 1. In the Kretschmann configuration, a thin metal film is evaporated on top of a glass prism. Light impinges from the glass side at an angle greater than the air/glass critical angle of total internal reflection and then the resulting evanescent wave (see below) at the interface can "tunnel" through the metal film and excite SPPs.

Figure 5 .

 5 Figure 5. Configurations for the far field optical excitation of SPPs. (a) Kretschmann configuration. (b) Otto configuration. (c) Grating configuration.

Figure 7 .

 7 Figure 7. The emission of the light from high-energy electron excitation of Au. (a) The incoming electron induces an image charge in the sample. (b) When the electron crosses the interface the image charge vanishes, leading to an effective dipole that can radiate light or excite surface plasmon polaritons.

Figure 8 .

 8 Figure 8. Schematic illustration of electron tunneling. (a) Elastic tunneling: a potential difference 𝑉 is applied between two conducting layers which are separated by around 1 𝑛𝑚. From the view of quantum mechanics, the electron can tunnel through this barrier. When the electron has the same energy on both sides of the barrier, we have elastic tunneling. (b)

Figure 9 .

 9 Figure 9. Schematic diagram (inspired by the illustration from the webpage: http://slideplayer.com/slide/6281817/ ) showing the working principle of STM. A metallic tip is mechanically connected to the piezo scanner and the 𝑥𝑦𝑧 positioning is realized by this scanner.

  Further progress was obtained by Hecht et al., with the combination of LRM and SNOM [21]. The schematic diagram of LRM is sketched in Fig. 10 (a). Note that a leakage radiation microscope is basically the "inverse" of the Kretschmann configuration. Just as for the Kretschmann configuration, a thin (≲ 70 𝑛𝑚 for Au) metal film is deposited on a glass substrate. Excited SPPs couple light into the glass substrate at a certain angle 𝜃 𝐿𝑅 (leakage radiation angle). The principle of leakage radiation associated with the leakage radiation angle 𝜃 𝐿𝑅 is illustrated is Fig. 10 (b).

Figure 10 .

 10 Figure 10. (a) Sketch of the leakage radiation technique. A thin (≲ 70 𝑛𝑚 for Au) metal film is deposited on a glass substrate and leakage radiation is emitted directly through the substrate with an angle of 𝜃 𝐿𝑅 . (b) The principle of leakage radiation.

Figure 12 .

 12 Figure 12. Schematic illustration showing the back focal plane and image plane. Rays that leave the object with the same angle will meet in the objective's back focal plane and then after passing the second lens, an inverted image will be formed on the image plane.

  (a) shows a schematic diagram of the radial polarization. Figure13 (b)shows the polarization of the electric field with respect to the direction of propagation.

Figure 13 .

 13 Figure 13. (a) Transverse distribution of intensity and polarization (arrows) in radially polarized light beams. (b) Schematic diagram showing the propagation direction of light.

  (b), the electric field vectors on opposite sides of the propagation axis are anti-parallel; as a consequence, light rays emerging from the focusing lens at opposite focal angles 𝜃 and -𝜃 have their radial and longitudinal field components interfering destructively and constructively at the focal point, respectively. Thus, the resulting electric field at the focal point is purely axial. However, in Fig.14 (a), it is the opposite situation, which yields purely lateral electric field at the focal point.

Figure 14 .

 14 Figure 14. Ray tracing model for the focusing of an incoming collimated light beam in an optical system. 𝐸 0 ⃗⃗⃗⃗ and 𝑘 0 ⃗⃗⃗⃗ represent the electric field vectors and wave propagation direction, respectively. The optical axis is also shown. (a) Linear polarization. (b) Radial polarization.

  𝐻𝐺 01 and 𝐻𝐺 10 are separately plotted in Fig.15(a) and (b). The arrows in Fig. 15 describe the polarization direction. Figure 15 (a) shows the y-polarized 𝐻𝐺 01 mode and Fig. 15 (b) shows the x-polarized 𝐻𝐺 10 modes. A radially polarized beam is given by the sum of (a) and (b).

Figure 15 .

 15 Figure 15. The power density distribution of a Hermite-Gauss conventional mode. (a) ypolarized 𝐻𝐺 01 mode. (b) x-polarized 𝐻𝐺 10 mode. These graphs are plotted using the laser Toolbox in Matlab.

  (b) shows the end of the tip. If we regard the tip end as a sphere, its measured diameter is around 80 𝑛𝑚.

Figure 17 .

 17 Figure 17. SEM image of our prepared tungsten tip. (a) An overview of the tip which displays a symmetrical shape. (b) A zoom of the end of the tip which shows a round shape. When regarded as a sphere, the measured diameter is close to 80 𝑛𝑚 . These SEM images are obtained at CEA Saclay with Sylvie Marguet.

Fig. 18 .

 18 Fig. 18. These are used for checking the wavelength dependence of the light emission or verifying the polarization state of the emitted light.

Figure 18 .

 18 Figure 18. A zoom view on the left port of the inverted optical microscope. It shows a drawer for adding a bandpass filter or polarizer.

Fig. 16 .

 16 Fig. 16. It has 1.4 million pixels. The pixel size is 4.65 µ𝑚 × 4.65 µ𝑚. If we use the 100 × objective, one pixel of the Axio camera in the image plane corresponds to 46.5 𝑛𝑚 (4.65 𝜇𝑚/100) in the real space image. This camera is used for roughly locating the STM tip

Figure 19 .

 19 Figure 19. The experimental "JPK" setup is contained in a large box and placed on an optical table (1.2 𝑚 × 1.8 𝑚). An STM head is mounted above an inverted optical microscope. A large CCD camera (Andor) is mounted behind the inverted optical microscope on the optical axis ofthe microscope. With a mirror, the emitted light may also be guided to an imaging spectrometer.

Figure 20 .

 20 Figure 20. The shape of the acquired spectra is influenced by the spectral dependence of the transmission efficiency of the objective, the spectral grating as well as the quantum efficiency of CCD detector. Each curve separately shows the corresponding efficiency and the total efficiency is also given.

Figure 21 .

 21 Figure 21. Experimental test for recording the dark count of our APD. The APD signal is recorded while all sources of light are off. The shown image is taken from a continuous time acquisition. The measured dark count is 6 photons per second.

Figure 22 .

 22 Figure 22. Ray tracing diagrams for real space imaging for the two setups. (a) Veeco setup. (b) JPK setup.

Figure 23 .

 23 Figure 23. Ray tracing diagrams for Fourier space imaging for the two setups (a) Veeco setup. (b) JPK setup.

Figure 1 (

 1 a) illustrates schematically the structure of our plasmonic lens and Fig. 1 (b) presents the side view and parameter definitions. 𝑁 is the number of slits, 𝐷 is the inner diameter, w is the slit width and 𝑃 is the period of the structure.Figure 1 (c) shows a scanning electron microscope image of the prepared plasmonic lens.

Figure 1 .

 1 Figure 1. Plasmonic lens structure. (a) Schematic representation of the structure of our plasmonic lens, a series of concentric slits etched on a thick Au film on a glass coverslip coated with ITO. (b) Side view and definitions. 𝑁 is the number of slits, 𝐷 is the inner diameter, w is the slit width and 𝑃 is the period of the structure (c) Scanning electron microscope (SEM) image of a plasmonic lens. It has 5 slits and the inner diameter 𝐷 = 5 µ𝑚. The slit grating period is 𝑃 = 700 𝑛𝑚.

Figure 2 . 3 . 3 Comparison of the emission patterns obtained when a plasmonic lens and a thin Au film are electrically excited 3 . 3 . 1

 233331 Figure 2. Transmission image of the plasmonic lenses. (a) Transmission image of the plasmonic lens with 𝑁 = 5, 𝐷 = 6 µ𝑚, 𝑃 = 700 𝑛𝑚. (b) Transmission image of the structure with 𝑁 = 3, 𝐷 = 4 µ𝑚, 𝑃 = 700 𝑛𝑚. (c) Transmission image of the structure with 𝑁 = 1, 𝐷 = 6 µ𝑚,

Figure 3 .

 3 Figure 3. Comparison of the light emitted from a plasmonic lens and a thin Au film after STM excitation. (a) and (b) schematically illustrate the two kinds of excited structures and the tip excitation position. (c) Real space image from the excited plasmonic lens. (d) Real space image from the excited thin Au film. (e) Real space image of the plasmonic lens with a linear polarizer in front of the detector. The orientation of the axis of the polarizer is indicated by the arrow. (f) Real space image of the thin Au film with a linear polarizer in front of the detector. The orientation of the polarizer is indicated by the arrow. The sample is biased to 2.8 𝑉 while the tip is grounded. The setpoint tunnel current is in the range of 1 -6 𝑛𝐴. Acquisition time is 200 seconds.

Figure 4 .

 4 Figure 4. Figures 4 (a) and 4 (b) present the schematic illustration of the experiment. In Fig. 4(c), we see a small and intense doughnut-shaped spot in the center of the Fourier plane. The dotted white circle indicates the numerical aperture (maximum acceptance angle) in Fourier space. A white dashed line passing through the center is drawn and the polar emission pattern obtained along this line is shown in Fig.4 (e). Here, we see that the emitted light is almost collimated. The angular spread is defined as the half width at half maximum (HWHM) of this intensity profile. From Fig.4(e), we measure an angular spread of around ±4°. Conversely, a wide emission cone is observed for the excitation of SPPs on a thin, planar, gold film. The emitted leakage radiation from SPP-light resonant coupling is measured at the expected leakage radiation angle around ±42.5°.

Figure 4 .

 4 Figure 4. Comparison of the Fourier space images from a plasmonic lens and a thin Au film after STM excitation. (a) and (b) schematically illustrate the two kinds of excited structures and the tip excitation position. (c) Fourier space image from a STM-excited plasmonic lens. (d)Fourier space image from an STM-excited thin Au film. (e) Polar emission pattern obtained from the intensity profile along the white dashed line in (c). (f) Polar emission pattern obtained from the intensity profile along the white dashed line in (d). (g) Fourier space image of the plasmonic lens with a linear polarizer in front of the detector and the orientation of the polarizer transmission axis is indicated by the arrow. (h) Fourier space image of the thin Aufilm with a linear polarizer in front of the detector. The orientation of the polarizer transmission axis is indicated by the arrow. The sample is biased to 2.8 𝑉 while the tip is grounded. The setpoint tunnel current is in the range of 1 -6 𝑛𝐴. Acquisition time is 200 seconds.

Figure 5 (

 5 Figure 5 (a) shows the variation of the angular spread (HWHM in Fourier image) versus the inner diameter 𝐷 for three plasmonic lenses of different periods 𝑃. The lowest angular spread is systematically achieved for 𝑃 = 700 𝑛𝑚 as compared to the results with 𝑃 = 600 𝑛𝑚 and 𝑃 = 800 𝑛𝑚 . This can be generally understood by considering the emission spectrum shown in Fig. 5 (c), which is measured on a thin Au film (50 𝑛𝑚 in thickness). This

Figure 5 .

 5 Figure 5. Effect of the geometrical parameters of the plasmonic lenses on the angular spread of their emission. Plasmonic lenses of different inner diameters 𝐷, slit grating periods 𝑃 and numbers of slits 𝑁 are electrically excited with the STM tip located at the central position. Angular spread is retrieved from the half width at half maximum (HWHM) of the doughnut shaped spot in the Fourier space images and plotted versus either (a, d) the inner diameter 𝐷 or (b, e) the outer diameter 𝐿 = 𝐷 + 2[(𝑁 -1)𝑃 + 𝑤] of the plasmonic lens. (c) Emission spectrum, which spreads over the low-energy part of the visible range and the near infrared. The emission is spectrally centered at 𝜆 0 ≈ 700 𝑛𝑚. The sample is biased to 2.8 𝑉 while the tip grounded. Setpoint tunnel current is in the range of 1 -6 𝑛𝐴.

Figure 6 .

 6 Figure 6. Effect of the inner diameter and the number of the slits in the plasmonic lens. (a) Experimental Fourier space images of the light from a 5 slit circular grating (top row) and a single circular slit (second row) of inner diameters 𝐷 = 6 µ𝑚, 4 µ𝑚 and 2 µ𝑚, when the STM excitation is centered on the plasmonic lens. The dotted white circular indicates the maximum acceptance angle (NA=1.45).

Figure 7 .Figure 8

 78 Figure 7. Simulated Fourier space images obtained from a monochromatic dipole excitation (𝜆 0 = 700 𝑛𝑚) for (a to f) a 5 slit and (g to l) a single slit plasmonic lens of inner diameters of 6 to 1 µ𝑚. Excitation at the center of the plasmonic lens is assumed. In panels a to f, the slit grating period is 𝑃 = 700 𝑛𝑚.

Figure 8 .

 8 Figure 8. Experimentally and theoretically obtained angular spread of the emission from a 5 slit circular grating and a single circular slit, versus the inner diameter of the central disk 𝐷 (STM excitation in the center; solid spheres: experimental data; dashed lines: simulation results).

3 (

 3 𝑃 = 700 𝑛𝑚, 𝑁 = 5, 𝐷 = 5 µ𝑚), Figure9 (a)illustrates the STM excitation experiment with the excitation off-centered and 𝑥 denotes the radial axis along which the tip position is changed. Fourier space images in Fig.9 (b)-(e)show the angular distribution of the light emitted below the substrate in the experiment. The lateral position of the STM tip with respect to the center of the disk of the plasmonic lens is varied as 0.5 µ𝑚, 0 µ𝑚, -1.2 µ𝑚 and -1.8 µ𝑚 respectively. The corresponding polar emission patterns are shown in Fig.9 (f)-(i). We also obtain Fourier space images under similar conditions but with a linear polarizer in front of the CCD camera, the polarizer transmission axis is shown by the arrow in Fig.9(j)-(m).

Figure 9 .

 9 Figure 9. Angular distribution of the emitted light for off-centered excitation. (b)-(e) Fourier space optical images of the light detected from the same 5 slit circular grating plasmonic lens. These results are obtained under the same conditions, but for different lateral positions of the STM excitation on the central disk region. 𝑥 is the distance from the center of the plasmonic lens. Dotted white circles indicate the maximum acceptance angle (𝑁𝐴 = 1.45 ≈ 73°) and the air/glass critical angle. The polar plot below each Fourier space image is obtained by measuring the intensity profile along the horizontal axis (white dotted line in (b)). In the polar plots (f)-(i) are indicated the polar angle of emission 𝜃 and the angular spread of the beam, defined as the HWHM. Parts (j)-(m) are the same as (d)-(e) but filtered with a linear polarizer (the white arrow indicates the transmission axis).

  (a)-(c), the calculated excitation location is -1.2 µ𝑚 away from the center. The theoretical Fourier image reveals an intricate angular distribution of the emission, with several lobes instead of the single doughnut shaped spot observed for the tip position close to the center. Theoretical images with a polarization filter also indicate the loss of the radial nature in the emission polarization as in the experimental. In Fig.10 (d), we examine the case where the STM tip is located closer to the inner edge of the first slit than to the center of the structure (tip is off-centered by -1.8 µ𝑚).The experimental image Fig.10(e) (which is also shown in Fig.9(m)), is compared with Fig.10 (d). We see that the more off-centered the tip, the more intricate the angular and polarization distribution of the emitted light.

Figure 10 .

 10 Figure 10. Simulated Fourier space images obtained from a monochromatic dipole excitation ( 𝜆 0 = 700 𝑛𝑚) for a 5 slit plasmonic lens of inner diameter 𝐷 = 5 µ𝑚 and off-centered excitation 𝑥 = -1.2 µ𝑚 along the 𝑥 axis of the plasmonic lens (𝑥 = 0 is the center of the structure). (a) Intensity image and (b, c) polarization filtered images with the polarizer along (b) the 𝑦 axis or (c) the 𝑥 axis. The outer circle (red line) delineates the accessible region of Fourier space. (d) Same as (b) but for 𝑥 = -1.8 µ𝑚 and (e) is the corresponding experimental image. The dotted white circles indicate the critical angle at an air-glass interface and the maximum acceptance angle of the objective lens.

Figure. 11

 11 Figure. 11 (c)-(j) separately show the spectrally filtered Fourier space images acquired with bandpass filters in front of the camera. The filters have the following central wavelengths/bandwidths: 550/88 𝑛𝑚, 600/14 𝑛𝑚, 650/13 𝑛𝑚, 700/13 𝑛𝑚, 750/40 𝑛𝑚, 800/40 𝑛𝑚, 850/40 𝑛𝑚, 900/40 𝑛𝑚. The plasmonic lens is the same as the one used in Fig. 11 (a) and the STM excitation is again located in the center of the structure. Intensity profiles taken from the Fourier space images are shown below each image as a polar emission plot. For these images, light is collected using an oil objective lens of 𝑁𝐴 = 1.45 on the "Veeco" setup.

Figure 11 .

 11 Figure 11. Imaging the angular emission pattern at different energies for an STM-excited plasmonic lens. (a) Fourier space optical image, revealing the angular emission pattern in the substrate. The plasmonic lens is a five slit circular grating period with 700 𝑛𝑚 and inner diameter 5 µ𝑚 (For this image, light is collected using an oil objective lens of 𝑁𝐴 = 1.49. The STM bias is set at 2.8 𝑉, the current setpoint is 6 𝑛𝐴 and the acquisition is 600 𝑠). (b) Intensity profiles taken from the Fourier image in (a), along the direction of the Fourier space vector 𝑘 𝑥 and 𝑘 𝑦 . The profile along 𝑘 𝑦 is vertically offset for clarity. The Fourier space coordinates (𝑘 ∥ stands for 𝑘 𝑥 or 𝑘 𝑦 ) are normalized by the wavevector corresponding to the spectral peak wavelength in free space 𝑘 0 . (c)-(j) Spectrally filtered Fourier space images. The collected light is filtered using bandpass filters that have the following central wavelengths/bandwidths: (c) 550/88 𝑛𝑚 , (d) 600/14 𝑛𝑚 , (e) 650/13 𝑛𝑚 , (f) 700/13 𝑛𝑚 , (g) 750/40 𝑛𝑚 , (h) 800/40 𝑛𝑚, (i) 850/40 𝑛𝑚 and (j) 900/40 𝑛𝑚. Intensity profiles taken from the Fourier images are shown below each image in a polar plot. For these images, light is collected using an objective lens of 𝑁𝐴 = 1.45 and the acquisition time is 300 𝑠𝑒𝑐𝑜𝑛𝑑𝑠.

Figure 12 (

 12 Figure 12 (a)-(h) are the corresponding Fourier space images with different bandpass filters for the 𝑃 = 600 𝑛𝑚 structure. From this data, we can determine that the smallest angular spread occurs around a wavelength range near 600 𝑛𝑚. For a wavelength far away from 600 𝑛𝑚, we see that the angular spread is clearly larger.

Figure 12 .

 12 Figure 12. Spectrally filtered Fourier space optical image for a plasmonic lens of 𝑃 = 600 𝑛𝑚 and inner diameter 𝐷 = 6 µ𝑚. The collected light is filtered using bandpass filters that have the following central wavelengths/bandwidths: (a) 550/88 𝑛𝑚 , (b) 600/14 𝑛𝑚 , (c) 625/ 26 𝑛𝑚, (d) 650/13 𝑛𝑚, (e) 684/24 𝑛𝑚, (f) 700/13 𝑛𝑚, (g) 750/40 𝑛𝑚 and (h) 800/40 𝑛𝑚.

Figure 13 .

 13 Figure 13. Spectrally filtered Fourier space optical image for a plasmonic lens of 𝑃 = 800 𝑛𝑚 and inner diameter 𝐷 = 6 µ𝑚. The collected light is filtered using bandpass filters that have the following central wavelengths/bandwidths: (a) 600/14 𝑛𝑚 , (b) 625/26 𝑛𝑚 , (c) 650/ 13 𝑛𝑚, (d) 684/24 𝑛𝑚, (e) 700/13 𝑛𝑚, (f) 750/40 𝑛𝑚, (g) 800/40 𝑛𝑚 and (h) 850/40 𝑛𝑚.

Figure 14 (

 14 b)-(d) show the results of this simple model (see red line) along with the experimental data for the three different slits grating periods mentioned above: 𝑃 = 700, 600, and 800 𝑛𝑚.As a second step, we introduce in the model the effect of the finite size of the slits grating by including a lower bound to the angular spread. Within the far-field approximation (Fraunhofer diffraction), the radiation pattern from the source has an angular spread ∆𝑘 limited by the source size 𝐿 through the relation 𝐿∆𝑘 ≳ 2𝜋. Here, light is emitted from the slits etched in the thick Au film; thus the source 𝐿 is the outer diameter of the 𝑁 slits circular grating, i.e., 𝐿 = 𝐷 + 2(𝑁 -1)𝑃 + 2𝑤, where 𝑤 is the slit width. Light is mainly emitted orthogonally to the Au film, i.e., along the optical axis of the microscope; therefore, ∆𝑘 is equivalent to the width of the doughnut shaped spot observed in the Fourier space images. The above relation thus leads to a lower bound for the angular spread of the emitted beam from the plasmonic lens:𝐿𝑛 𝑔 𝑠𝑖𝑛𝜃𝑘 0 ≳ 2𝜋 (3.4) Then we can get: 𝜃 ≳ arcsin ( 𝜆 0 𝑛 𝑔 𝐿 ) (3.5) Equation (3.5) is also plotted in Fig. 14 (b)-(d) (black solid line). The simple model based on equation (3.3) and equation (3.5) reproduces the main trends of the experimentally determined spectral dependence of the angular beam divergence sufficiently. Thus the desired optimum operating frequency range and size of the plasmonic lens as well as the required

Figure 14 .

 14 Figure 14. Spectral variation of the angular beam divergence: a simple model and the experimental results. (a) Sketch of the scattering of SPPs into light at two slits etched in a thick Au film on glass. The SPPs propagate from the left hand side of the figure. The light emitted in the substrate from the two slits interferes constructively in the direction denoted by the angle 𝜃. 𝛿 is the optical path difference for the light emitted at 𝜃 at the two slits. If the period P of the slit grating is longer than the SPP wavelength 𝜆 𝑆𝑃𝑃 , then the SPPs scattered into light interfere constructively in the forward direction. For 𝑃 < 𝜆 𝑆𝑃𝑃 , constructive interference is in the backward direction. Only first order diffraction is considered here. (b)-(d) The experimental values of the angular spread measured for three different five-slit circular gratings are compared with the angle of constructive interference 𝜃 (red line) calculated using the model shown in (a). (b) The grating period is 𝑃 = 700 𝑛𝑚, (𝑐) 𝑃 = 600 𝑛𝑚 and (d) 𝑃 = 800 𝑛𝑚.

Figure 15 .

 15 Figure 15. Schematic illustration of the experimental setup for obtaining angularly resolved spectral images.

  (b)-(d) varies with wavelength and why these bow ties shift in energy as the slit grating period is changed. The angular divergence is lowest and the light emitted in the substrate is most intense at the center of the bow tie. Around this energy value, the angular divergence and the radiated power remain almost constant (and at their optimal values) for a ≈ 0.3 𝑒𝑉 wide range.

Figure 16 .

 16 Figure 16. Angle resolved spectroscopy: method and results. Angular and spectral distribution of the light emitted upon STM excitation of (a) an unstructured 50 𝑛𝑚 Au film on glass, (b)-(d) a five-slit plasmonic lens of inner diameter 𝐷 = 4 µ𝑚 and period (b) 𝑃 = 700 𝑛𝑚, (c) 𝑃 = 800 𝑛𝑚, and (d) 𝑃 = 600 𝑛𝑚, and (e) a single circular slit of inner diameter 𝐷 = 5 µ𝑚, etched in a 200 𝑛𝑚 Au film on glass. These experimental data are measured by projecting the Fourier space image of the emitted light on the partly closed entrance slit of the spectrometer.

  (a) is very close to its lowest value despite the spectral broadness of the electrical SPP nanosource. Two main effects determine the angular beam divergence of our electrical light microsource: the spectral width of the SPP nanosource and the finite size of the structure at which SPPs scatter into light. When the latter dominates over the former, the angular beam divergence remains almost constant over the emission spectrum. Thus the size of the plasmonic microstructure should be decreased to the smallest possible diameter where the angular width of the emitted beam is not limited by the size effect.

  (b) corresponds to the featureless spectrum measured upon STM excitation of SPPs on an unstructured thin Au film, spectrally weighted by the squared modulus of the electric field calculated using equation (3.8) for 𝐷 = 3, 4, 5 and 6 µ𝑚. In the model, |𝑟| = 0.4 and arg 𝑟 = 𝜋 are used since the result best fits the experimental data.The asterisks indicating the spectral position of the peaks in Fig.17

  (a) are reproduced in Fig.

17

 17 

  photon scattering at the slit; nevertheless, the generated data reproduces the number of peaks, their spectral position and spectral width quite well. The main discrepancy is that the model underestimates the low-energy region of the spectrum, which may be due to the frequency dependent SPP scattering efficiency at the slit. All together, these observations confirm the role played by the cavity modes of the central disk in the spectra response of a single circular slit plasmonic lens upon STM excitation.

Figure 17 .

 17 Figure 17. Electrical excitation of a single circular slit: effect of the inner diameter on the spectrum. (a) Spectral distribution of the light emitted upon STM excitation of a single (𝑁 = 1) circular slit of different inner diameter D, etched in a 200 𝑛𝑚 thick Au film on glass. All spectra are corrected for the spectral response of the instrument, which includes the transmission of the microscope objective, the scattering efficiency of the diffraction grating and the quantum efficiency of the CCD camera used in the spectrometer see chapter 2 section 2.7 (the spectra are vertically offset for clarity ).(b) Generated spectra, obtained by multiplying two terms: (i) the squared modulus of the electric field theoretically produced by a point source in one dimension SPP cavity of length D and (ii) the experimental data measured on a thin (50 𝑛𝑚)unstructured Au film (see Fig.5 (c)). The electric field in the SPP cavity is calculated using a simple model described in the text, where the SPP source is located at the center of the cavity.In this model, we use the leakage radiation spectrum measured on the thin Au film as the power spectrum of the SPP source (this is why the generated data shown in (b) exhibits experimental noise). The STM bias is set at 2.8 𝑉, the current setpoint is 3 to 4 𝑛𝐴 and the acquisition time is 300 𝑠.

Figure 18 .

 18 Figure 18. (a) Scanning electron micrograph of a single circular slit plasmonic lens of diameter 𝐷 = 5 µ𝑚. (b) Schematic explanation of the model used to calculate the electric field produced by a point source in an SPP cavity.

  19 (c)). As well, if 𝑃 remains the same and 𝐷 is modified (see Figs.19 (a) and 19 (b)), the peak and dip positions, relative height, and width vary. Since here the detected light is integrated over all the collected angles, the spectral dependence of the emitted light that is observed as a function of slit grating period and diameter cannot be due to the phenomenon seen in Fig.16. Instead, it is attributed to the effect of the lens parameters on the EM-LDOS. Namely, the power of the light beam emitted from the plasmonic lens must be sensitive to the EM-LDOS at the position of the SPP nanosource.The role of the circular slit grating in the spectral response of the plasmonic lens is two fold. The grating, which surrounds the central disk, reflects parts of the outgoing SPP wave back to the center of the disk, and also scatters part of the SPP wave into light in the out of plane direction. Thus, the slit grating and the central disk cavity are coupled through the frequency dependent Fresnel coefficients of the grating. The intensity of the light emitted from the slits depends on both the scattering coefficient of the grating and the intensity of the incident SPPs; the latter, however, depends on the SPP mode density in the central disk cavity, which in turn is determined by the complex amplitude reflection coefficient of the slit grating. Depending on frequency, this grating-cavity coupling may have a strong enhancing or quenching effect on the spectral response of the plasmonic lens.

Figure 19 .

 19 Figure 19. Radiated power spectra: effect of the plasmonic lens parameters. Spectral distribution of the light emitted upon STM excitation of five-slit circular gratings of different inner diameters 𝐷 and periods 𝑃 , etched in a 200 𝑛𝑚 gold film on glass. The spectral dependence on 𝐷 with (a) 𝑃 = 700 𝑛𝑚 and (b) 𝑃 = 800 𝑛𝑚 is examined (a vertical dotted line indicates 𝜆 0 = 𝑃 to guide the eye). In (c), the effect of varying 𝑃 while keeping 𝐷 fixed is studied. For comparison purpose, the spectra obtained for an unstructured 50 𝑛𝑚 gold film and for a single (𝑁 = 1) circular slit etched in a 200 𝑛𝑚 gold film are also plotted in (b) and(c) (black lines), respectively. All spectra are corrected for the spectral response of the instrument which is discussed in chapter 2. Spectra are vertically offset for clarity. The bias of STM is set at 2.8 𝑉, the current setpoint is 3 to 4 𝑛𝐴 and the acquisition time is 300 𝑠.

Figure 1 (

 1 Figure 1 (a) is a schematic image of the sample and it shows the definitions of various parameters. 𝐷 1 is equal to the minor axis (2𝑏) and 𝐷 2 is the length of the major axis (2𝑎) of the elliptical structure. The etched width 𝑤 is equal to 300 𝑛𝑚. We study different structures with different diameters 𝐷 2 . The values of 𝐷 1 and 𝑤 are constant. By changing the length of 𝐷 2 , we get elliptical plasmonic lenses with different eccentricities. Figure 1 (b) shows the SEM image of one structure with 𝐷 1 = 3 µ𝑚,𝐷 2 = 8.77 µ𝑚 and its eccentricity is calculated as 0.94.

Figure 2 (

 2 Figure2(a) schematically depicts the STM excitation centered on a circular plasmonic lens and the experimental result in Fourier space is shown in Fig.2 (c). In Fig.2(c), we see the expected small, intense, doughnut shape spot in the center and since there is only one slit, secondary light rings are present in the Fourier space image. The intensity profile taken along the white dashed line in Fig.2 (c) is shown in a polar plot in Fig.2 (e). These results have already been discussed in chapter 3.

Figure 2 (

 2 Figure 2 (b) shows an illustration of the STM excitation centered on the elliptical plasmonic lens and the resulting Fourier space image is presented in Fig. 2 (d). Compared with Fig. 2 (c), now we see a completely different pattern in Fourier space with separated bright spots. It is a more complicated pattern and we will discuss this pattern later in Appendix A. The intensity profile taken along the white dashed line in Fig. 2 (d) is shown in a polar plot in Fig. 2 (f).

Figure 2 .

 2 Figure 2. (a-b) Schematic diagram of the tip centered on the circular and elliptical slits. Centered STM excitation of circular and elliptical plasmonic lens with dimensions (a) 𝐷 1 = 𝐷 2 = 3 µ𝑚 and (b) the elliptical slit has 𝐷 1 = 3 µ𝑚 , 𝐷 2 = 8.77 µ𝑚 . (c-d) Fourier space images when the STM excitation is centered on the slit structures. (e-f) The intensity profile taken along the white dashed lines in (c) and (d) are separately shown in a polar plot. This experiment is performed on the "JPK" setup. The Fourier space image is acquired during 300 seconds. STM bias is set at 2.8 𝑉 and the setpoint current is 1 𝑛𝐴.

Figure 3 .

 3 Figure 3. Fourier space images and their corresponding polar emission patterns for an STMexcited elliptical plasmonic lens (𝐷 1 = 3 µ𝑚,𝐷 2 = 8.77 µ𝑚). (a-b) Schematic image showing the location of the excitation. (c-d) Fourier space images when the excitation is located at the left or right focal points of the elliptical plasmonic lens. (e-f) The intensity profiles taken along the white dashed line in Fig.2 (c-d) are separately shown in a polar plot. 𝜃 and -𝜃 stand for the emission angle in two opposite directions. The Fourier space images are acquired during 300 seconds, the bias is set at 2.8 𝑉 and the setpoint current is 1 𝑛𝐴.

Figure 4 .

 4 Figure 4. Vertical cut of a 3𝐷 paraboloid. Note that the light which originates from the focal point 𝐹 is reflected parallel to the parabolic axis.

Figure 5

 5 Figure5shows how the 3 𝐷 paraboloid model relates to the experiment. Figure5 (a)

  (b). If we tilt our 3 𝐷 paraboloid by an angle of 𝜃 with respect to the optical axis, the intersection of the paraboloid with a plane perpendicular to the optical axis and passing through the focal point now delineates an elliptical area. If the left focal point of the elliptical plane overlaps the focal point of the paraboloid, we could expect that the light is emitted parallel to the parabolic axis. As a result, the light emission is tilted the same angle 𝜃 with regard to the optical axis. Thus using this model we can predict the emission angle of an elliptical slit when the excitation is located at a focal point.

Figure 5 .

 5 Figure 5. 3 𝐷 paraboloid model schematic diagrams. (a) The model predicts an untilted beam for the circular plasmonic lens excited by the STM in the center. (b) The model predicts a tilted

Figure 6 (

 6 a)-(d) show that as the eccentricity is increased from 0 (circular) to larger values, the emission angle 𝜃 increases accordingly.

Figure 6 .

 6 Figure 6. Schematic images of the 3 𝐷 paraboloid model showing that by changing the eccentricity of an elliptical slit, we control the emission angle.

Figure 7 2 𝑏 2 = 1 ) 6 )

 72216 Figure 7 illustrates a situation when the STM excitation is located at the position 𝐹 which

Figure 7 .

 7 Figure 7. Sketch showing an ellipse with the standard ellipse equation: 𝑥 2 𝑎 2 + 𝑦 2

Figure 8 .

 8 Figure 8. Approximation of the elliptical slit as a simple slits with linear varying phase. Focal point (𝐹 in red) represents the excitation position. The orange lines stand for the waves from elliptical slits. The blue dashed lines stand for the wavefront and red lines are the wave propagation direction. In this case, the wavefront is tilted thus the propagation direction is tilted.

Thus.

  obtain the similar expression as in equation (4.6) except in this case, we have another term 𝑘 𝑠𝑝𝑝 𝑘 0 The absence of the term 𝑘 𝑠𝑝𝑝 𝑘 0 in equation (4.6) is due to the fact that the differences in the wavevectors 𝑘 𝑠𝑝𝑝 and 𝑘 0 are not taken into account. Since 𝑘 𝑠𝑝𝑝 𝑘 0 is rather close to 1, equation (4.6) is also applicable.

Figure 9 .

 9 Figure 9. Sketch of the scattering of SPPs into light when the elliptical slit is approximated as a simple slit with linearly phase 𝜑 (𝑥′) (equation (4.6)). The excitation originates at focal point F. The light emitted in the substrate from slit point M and N interferes constructively in the direction denoted by the angle 𝜃.𝛿 is the optical path difference.

  excitation at the left focal point of each elliptical slit and for the first circular structure, we position the excitation at the center for comparison. The schematic images of the experiment are shown in Fig. 10 (b1) -(b8).

Figure 10 (

 10 Figure 10 (c1)-(c8) show the corresponding Fourier space images.In each image we see that a doughnut shaped spot whose shape changes from circular to elliptical as the eccentricity of the slit is increased. Note also that the position of the spot moves from the center to edge of Fourier space indicating that the emission angle is increasing. These can be seen more intuitively from the polar emission patterns (Figure10(d1)-(d8)).

Figure 10 .

 10 Figure 10. Changing the emission angle by changing the eccentricity of the elliptical slit. (a1)-(a8) Transmission images for the structure with constant 𝐷 1 of 3 µ𝑚 and the length 𝐷 2 (see table 4.1). (b1)-(b8) Schematic diagrams of the excitation position on each structure. (c1)-(c8) Corresponding Fourier space images when the excitation is located at the left focal point of the structures. (d1)-(d8) Polar emission patterns taken from the central line (see white dashed line

Figure 11

 11 Figure 11 plots the 𝑠𝑖𝑛𝜃 of the emission angle determined from Fig. 10 (d1)-(d8) as a function of the eccentricity, as well as the 𝑠𝑖𝑛𝜃 of the calculated emission angle determined from equation (4.8) (𝑠𝑖𝑛𝜃 = 𝑘 𝑠𝑝𝑝 𝑘 0

Figure 11 .

 11 Figure 11. Experimental emission angle as a function of eccentricity: experiment and calculation from a simple model. The experimental results are determined from Fig. 10 (d1)-(d8). The calculation is based on the interference model of equation (4.8) (we use 𝑘 𝑠𝑝𝑝 𝑘 0 ≈ 1.037

Figure 12 .

 12 Figure 12. Angular spread of the beam of light resulting from an STM-excited elliptical structure (𝐷 1 = 3 µ𝑚, 𝐷 2 = 3.92 µ𝑚). (a) The white light transmission image. (b) Fourier space image. (c) Cross section from the image in (b) along the line labeled 𝑘 𝑥 . (d) Cross section from the image in (b) along the line labeled 𝑘 𝑦 .

Figure 13 (

 13 a) plots the angular spread in the 𝑘 𝑥 and 𝑘 𝑦 directions as a function of eccentricity. (For the structures with eccentricities of 0.87 and 0.94 the background is subtracted before the angular spread is measured in the 𝑘 𝑦 direction (see discussion below).

Figure 13 .

 13 Figure 13. (a) Angular spread in the 𝑘 𝑥 and 𝑘 𝑦 directions as a function of eccentricity. (b) Ratio between the dimensions 𝐷 1 and 𝐷 2 (blue line) and ratio between the angular spread in the 𝑘 𝑥 direction and 𝑘 𝑦 directions (purple line) as a function of eccentricity.

  ) and14 (b) respectively show the experimental and simulation Fourier space images when the excitation is located at the right focal point for the structure 𝐷 1 = 3 µ𝑚, 𝐷 2 = 8.77 µ𝑚 (simulation details and more results are shown in Appendix A). The obtained elliptical spots in both experiment and simulation show that in the 𝑘 𝑥 direction, the visibility is much lower than in the 𝑘 𝑦 direction.

Figure 14 .

 14 Figure 14. Fourier space images when the excitation is located at the right focal point of the structure ( 𝐷 1 = 3 µ𝑚 , 𝐷 2 = 8.77 µ𝑚 ). (a) Experimental result. (b) Simulation result (simulation details in Appendix A)

Figure 1 .

 1 Figure1. The illumination of an Au (20 nm)-SiO2 (500 nm)-Au (20 nm) stack with radially polarized white light leads to rainbow rings at the back focal plane of the objective lens[10].

layer of titanium ( 3

 3 nm in thickness) is deposited on the substrate before deposition of the MIM layers. The MIM system consists of a silica layer sandwiched between two 30 nm thick gold layers. Three different samples are prepared with different thicknesses of SiO2: 70 nm, 190 nm and 310 nm. Schematics of the samples are shown in Fig. 2. The sample was fabricated by Jean-Francois Bryche at the Centre de Nanosciences et de Nanotechnologies (C2N) in Paris-Sud University.

Figure 2 .

 2 Figure 2. Schematic diagram of the sample. Au-SiO2-Au layers are deposited on a glass substrate. (a) The schematic diagram of the sample. Side view of the sample (b) Au (30 nm)-SiO2 (70 nm)-Au (30 nm). (c) Au (30 nm)-SiO2 (190 nm)-Au (30 nm). (d) Au (30 nm)-SiO2

multi-layer stack 5 . 3 . 1

 531 Au (𝟑𝟎 𝐧𝐦)-SiO2 (𝟑𝟏𝟎 𝐧𝐦)-Au (𝟑𝟎 𝐧𝐦) Comparison between the STM excitation of the Au (𝟑𝟎 𝐧𝐦)-SiO2 (𝟑𝟏𝟎 𝐧𝐦)-Au (𝟑𝟎 𝐧𝐦) structure and a thin Au film (𝟓𝟎 𝐧𝐦) First, we compare the results in Fourier space for the plasmonic multi-layer stack and a thin Au film. Figures 3 (a) and 3 (b) show schematics of the STM excitation of these two different structures. In the experiments, we use the MIM stack with Au ( 30 nm )-SiO2 (310 nm)-Au (30 nm) and for the Au film, the thickness is 50 nm. Fourier space images are shown in Figs. 3 (c) and 3 (d) and the intensity profiles taken from Figs. 3 (c) and 3 (d) along the white dashed line are presented in Figs. 3 (e) and 3 (f) respectively. The horizontal axis is k ∥ k 0 ⁄ (k ∥ is the in-plane wavevector component of the collected light and k 0 is the wavevector in free space) and the vertical axis is the normalized intensity. From Figs. 3 (e) and 3 (f), we find that the intensity profiles from the multi-layer stack exhibit the same sharp peak at k ∥ k 0 ⁄ ≈ ±1.03 as the gold film (note that Figs. 3 (d) and 3 (f)

Figure 3 .

 3 Figure 3. Comparison of Fourier space images obtained upon STM excitation of a plasmonic Au (30 nm) -SiO2 (310 nm) -Au (30 nm) multi-layer stack and a thin Au film (50 nm in thickness). (a-b) Schematic diagram of the STM excitation of plasmonic wave guide structure and a thin Au film. (c-d) Fourier space image of the STM-excited plasmonic multi-layer stack and a thin Au film. (e-f) Intensity profiles obtained along the white dashed line in (c) and in (d).

Figure 4 .

 4 Figure 4. Fourier space images with different bandpass filters for the Au ( 30 nm )-SiO2 ( 310 nm )-Au ( 30 nm ) structure. Fourier space images with a bandpass filter of (a) 625/26 nm, (b) 700/40 nm, (c) 750/40 nm, (d) 800/40 nm, (e) 850/40 nm, (f) 900/ 40 nm. Intensity profiles taken from the corresponding Fourier space images along the white dashed line are shown in (g)-(l)). Bias is set at 2.8 V and tunnel current setpoint is 1 nA. Acquisition time is 300 seconds.

Figure 5

 5 Figure 5 presents the Fourier space results obtained by STM excitation with a polarizer in front of the CCD camera.Figure 5 (a) shows the reference Fourier space image with a bandpass

Figures 5 (

 5 Figures 5 (e) and 5 (f) show the vertical and horizontal intensity profiles from Figs. 5 (b) and 5 (c) respectively along the direction perpendicular to the polarizer transmission axis (we normalize the intensity profile by the peak intensity in the images). We can clearly see in both Figs. 5 (e) and 5 (f) that in the direction perpendicular to the transmission axis of the polarizer, there is no light. These results confirm that no TE modes can be excited by STM excitation and that are expected, we can only excite TM modes (see chapter 2 for more on TE and TM modes coupled to SPPs).

Figure 5 .

 5 Figure 5. Fourier space images by STM excitation with a polarizer and bandpass filter in front of the CCD camera for the Au (30 nm)-SiO2 (310 nm)-Au (30 nm) structure. Fourier space image with (a) no polarizer, (b) a horizontal polarizer in front of the CCD, (c) a vertical polarizer in front of the CCD. All images are acquired with a bandpass filter of 750/40 nm in front of the CCD camera. Intensity profiles are obtained along the white dashed lines in the figures above. The bias is set at 2.8 V and the tunnel current setpoint is 1 nA. Acquisition time is 300 seconds.

Figure 6 .

 6 Figure 6. Dispersion relations of the modes of the plasmonic multi-layer stack of Au (30 nm)-SiO2 (310 nm)-Au (30 nm). (a) Effective index of the "SPP-like" and "waveguide-like" modes versus wavelength. The effective indices are determined from the radius of the observed rings in the Fourier space images shown in Fig. 4. The theoretical effective index of an SPP at an

Figure 7 (

 7 Figure 7 (b) displays the intensity of the electric field along the z direction when the effective index k ∥ /k 0 = 1.41 (it is the simulated effective index of the "waveguide-like" modefor the Au (30 nm)-SiO2 (310 nm)-Au (30 nm) structure when λ = 700 nm). Here, in contrast

Figure 7 .

 7 Figure 7. Distribution of the squared modulus of the electric field along the direction perpendicular to the interface ( z -direction) for an air/Au ( 30 nm )/SiO2 ( 310 nm )/Au (30 nm)/substrate structure. The horizontal axis is the intensity of the electric field |E| 2 and the vertical axis is the z direction. In the calculation, a plane wave with wavelength λ = 700 nm is incident from the substrate at an angle determined by the peak value of k ∥ /k 0 from the Fourier space simulation. The electric field distribution along the z direction when the effective index is (a) k ∥ /k 0 = 1.035, (b) k ∥ /k 0 = 1.41. Note in (a) the mode is of "SPP-like" character, while the mode in (b) is more of a "waveguide-like" character.

Figure 8 (

 8 Figure 8 (b) is a reminder of the definition of TE (transverse electric) and TM (transverse magnetic) incidence. As illustrated in Fig. 8 (b), when the electric field is parallel to the

Figure 8 .

 8 Figure 8. Schematic diagram of laser excitation. (a) A He-Ne laser (wavelength 633 nm) is incident from below the substrate and is focused on the sample by the oil immersion objective. The sample is a plasmonic multi-layer stack of Au (30 nm)-SiO2 (310 nm)-Au (30 nm). The reflected light is collected by the same oil immersion objective. (b) Schematic description of TE and TM wave in terms of the incidence plane. The electric field is parallel to the incidence plane for TM waves and perpendicular to the incidence plane for TE waves.

Figure 9 .

 9 Figure 9. Fourier space results for the laser excitation of the Au (30 nm)-SiO2 (310 nm)-Au (30 nm) structure with "horizontal" and "vertical" incident polarization (the wavelength of the He-Ne laser is 633 nm). Fourier space image obtained when the incident polarization is (a)"horizontal" or (b)"vertical polarization". (c-d) Intensity profiles of the TM excitation direction. The dip position is k ∥ /k 0 ≈ ±1.044 and k ∥ /k 0 ≈ ±1.045 and represents the "SPP-like" mode. (e-f) Intensity profiles for the TE excitation direction. The dip positions are both k ∥ /k 0 ≈ ±1.19 and represent a waveguide mode. Note that this mode cannot be excited by the STM-nanosource.

Figure 10 .

 10 Figure 10. Comparison of laser and STM excitation of the same Au (30 nm)-SiO2 (310 nm)-Au ( 30 nm ) structure. (a) Fourier space image obtained with laser excitation (incident wavelength 633 nm ,"horizontal" polarization). (b) Fourier space image obtained with a

Figure 11 .

 11 Figure 11. Fourier space images acquired with different bandpass filters in front of the CCD camera for the Au (30 nm)-SiO2 (70 nm)-Au (30 nm) structure. Fourier space image with bandpass filter (a) 625/26 nm, (b) 700/40 nm, (c) 750/40 nm, (d) 800/40 nm, (e) 850/ 40 nm, (f) 900/40 nm. Intensity profiles taken from the white dashed line in each Fourier space images are shown in (g)-(l). Bias is set as 2.8 V and tunnel current is 1 nA. Acquisition time is 300 seconds.

Figure 12 .

 12 Figure 12. Dispersion relations for the Au (30 nm)-SiO2 (70 nm)-Au (30 nm) structure and an Au (50 nm) film. (a) Effective index of the "SPP-like" mode of the stack and of an Au film without a SiO2 layer versus wavelength. The effective index of the "SPP-like" mode is determined from the radius of the inner ring in the Fourier space images shown in Figure 11. The experimental and theoretical effective indices of a "pure" SPP are also shown. (b) Plot of the dispersion relation (energy vs the in-plane wave vector component k//) for the modes of the plasmonic multi-layer stack and an Au film. The light line in the vacuum is also added for comparison.

5. 5 . 2

 52 Fourier space images of the STM excitation of an Au (𝟑𝟎 𝐧𝐦)-SiO2 (𝟏𝟗𝟎 𝐧𝐦)-Au (𝟑𝟎 𝐧𝐦) multi-layer structure with different bandpass filters

Figure 14 .

 14 Figure 14. Dispersion relations of the modes of the plasmonic multi-layer stack Au (30 nm)-SiO2 (190 nm)-Au (30 nm). (a) Effective indices of "SPP-like" and "waveguide-like" modes versus wavelength. The effective indices are determined from the radius of the rings observed in the Fourier space images shown in Figure 14. The theoretical effective index of SPPs on an air/Au interface is also shown. (b) Dispersion relation between the energy and the in-plane wave vector component k// of the observed modes. The light line in vacuum is also added for comparison.

Figure 15 (≈ 1 . 27 .

 15127 b) shows the STM excitation results with a bandpass filter of 625/26 nm in front of the CCD camera. Figures 15 (c) and 15 (d) plot the horizontal intensity profiles taken from the images in (a) and (b).From the laser excitation experiment (Fig.15 (c)), we measure that the effective indices of the two TM modes are From the STM excitation experiment (Fig.15 (d)), we measure that the effective indices of the two TM modes are

22 .

 22 The slight difference in the effective indices measured by these two methods could be attributed to the finite bandwidth of the bandpass filter (used in the STM experiment). Note that the experimental error is estimated at approximately 0.02 k 0 per pixel.

Figure 15 .

 15 Figure 15. Comparison of the laser and STM excitation of an Au (30 nm)-SiO2 (190 nm)-Au (30 nm) structure. For the laser excitation, the incident wavelength is 633 nm. For STM excitation, we use the bandpass filter of 625/26 nm. Fourier space images acquired with (a) Laser excitation and "horizontal" polarization, (b) STM excitation and a bandpass filter. (c) Horizontal intensity profile from (a). (d) Horizontal intensity profile view from (b).

Figure 16 (

 16 Figure 16 (a) shows the simulated electric field distribution along the direction perpendicular to the interface (z-direction) when the effective index k ∥ k 0 = 1.0025 (this is the simulated effective index for the first TM mode of the Au (30 nm)-SiO2 (190 nm)-Au (30 nm)

Figure 16 (

 16 Figure 16 (b) shows the electric field distribution along the direction perpendicular to the interface (z-direction) when the effective index k ∥ k 0 = 1.395 (this is the simulated effective index for the second TM mode of the Au (30 nm)-SiO2 (190 nm)-Au (30 nm) structure when λ = 633 nm ).Here, we find that the field distribution is similar to what we have seen for the 310 nm thick SiO2 layer (Fig.7 (b)). This is the "waveguide-like" mode.

Figure 16 .

 16 Figure 16. Intensity distribution or squared modulus of the electric field along the direction perpendicular to the interface ( z -direction) for an air/Au ( 30 nm )/SiO2 ( 190 nm )/Au (30 nm)/substrate structure. The horizontal axis is the intensity of the electric field |E| 2 and the vertical axis is the z direction. In the calculation, a plane wave with wavelength λ = 700 nm was used and is incident from the substrate at angle determined by k///k0. The electric field distribution along the z direction when the effective index is (a) k ∥ k 0 = 1.0025, (b)

Figure 17 (

 17 Figure 17 (a)-(c) are the optical band images acquired using STM excitation of the three plasmonic MIM structures discussed above. We clearly see the obvious splitting of the curves when a new mode appears (see Figs. 17 (b) and 17 (c)). The wavelength at which the curve

Figure 17 .

 17 Figure 17. Angle-resolved spectroscopy. Effective index as a function of wavelength acquired by STM excitation of a plasmonic multi-layer stack with an SiO2 layer of thickness (a) 70 nm, (b) 190 nm, (c) 310 nm. These experimental data are measured by projecting the Fourier space image of the emitted light on the narrow entrance slit of the spectrometer. The partially closed entrance slit gives rise to a spectral resolution of about 8 nm (i.e.,≈0.02 eV at λ0 = 700

Figure 18 (

 18 Figure 18 (b) plots the three spectra of Fig. 18 (a) after smoothing. Here, vertical dashed lines are drawn to indicate the peaks or possible minima in each spectrum. The shoulder of the red curve (190 nm structure) may be interpreted as a dip at around 710 nm. For the 310 nm

  (a) and (c) as ≈ 670 nm (190 nm structure) and ≈ 850 nm (310 nm structure).

Figure 18 .

 18 Figure 18. Optical spectra measured for the different plasmonic multi-layer stack structures. (a) Spectra for the structure with an SiO2 thickness of 70 nm (black curve), 190 nm (red curve), 310 nm (blue curve). (b) The spectra after smoothing. The smoothing is done in the Origin file over 10 points. The vertical dashed lines represent the peak and dip positions in each spectrum.

14

 14 

  (b)) is reminiscent of what would be seen for strong coupling.

Figure 19 .

 19 Figure 19. Optical bands simulation results. The horizontal axis is k x k 0 ⁄ and vertical axis is the wavelength. (a) Optical bands for the (30 nm)/SiO2 (190 nm)/Au (30 nm) structure. (b)

Figure 1 .

 1 Figure 1. SEM (Scanning Electron Microscope) image of an area on the sample with Au nanotriangular and hexagonal plates. Sample deposited on an 85 nm-thick ITO layer on a glass coverslip.

Figure 2

 2 Figure 2 shows two other different ways of characterizing an individual triangular plate.

Figure 2 (

 2 Figure2(a) shows the Atomic Force Microscopy (AFM) image of a triangular plate and we measure its side length of around 700 nm. The profile taken along the white dashed line in Fig.2(a) is shown in Fig.2 (b). We measure its height of around 20 ± 3 nm. Figure2 (c) is the STM image of another triangular plate and its side length is measured near 750 nm and the height is around 22 ± 3 nm. Additionally, its 3D topography image is presented in Fig.2 (d).

Figure 2 .

 2 Figure 2. Different ways of characterizing triangular plates. (a) AFM image of a triangular plate with an average side length of ≈ 700 nm. (b) Height profile along the white dashed line in (a) showing that the height of the triangular plate is ≈ 20 nm. (c) STM image of another triangular plate with side length ≈ 750 nm and height ≈ 20 nm. During the image, the bias is set at 0.5 V and tunnel current is at 0.1 nA. (d) 3D STM topography image of the triangular plate in (c).

Figure 3 (

 3 b) shows three different intensity profiles along the three dashed lines in Fig.3 (a). From Fig.3(b), we see that light is emitted at angles from around 42° to 72° or 1 < nsinθ < 1.45 (where, n is the refractive index of the glass substrate and θ is the emission angle). Note also that some light is also emitted at low angles (θ < 42°).

Figure 3 .

 3 Figure 3. Fourier space image when the excitation is in the center of a triangular plate with side length ≈ 700 nm and a thickness of ≈ 20 nm. (a) The Fourier space image showing that light is distributed over a ring. The white dashed circle denotes the numerical aperture of the collection objective, NA = 1.45. (b) Intensity profiles along the three dashed lines in (a). The horizontal axis in the intensity profile is n sin θ, where, n is the refractive index of the glass substrate and θ is the emission angle, and the vertical axis is the normalized intensity. Bias is set at 2.8 V and the setpoint is ranging from 1 nA to 4 nA. Acquisition time is 300 seconds.

  4 (a) and 4 (b) the normalized intensity is ≈ 0 for -1 < n sin θ < 1 while it is ≈ 0.2 for the STM-excited triangle (Fig.3 (b)).

Figure 4 .

 4 Figure 4. Calculated Foruier space intensity profiles for a vertical dipole above a gold film on glass. The dipole is at the air/gold interface. (a) Dipole above a 20 nm-thick Au film. (b) Dipole above a glass substrate (Au film thickness is 0). The detailed calculation is seen in Appendix C.

Figure 5 (

 5 a) displays the STM image of our triangular plate and we annotated the three different sides as b, c, and d. Before each Fourier space image, a topography image is obtained in order to locate the next excitation position. The STM excitation is sequentially located at the center of side b, c, and d.

Figure 5 (

 5 Figure 5 (b)-(d) are the corresponding Fourier space images.Here, we observe that the Fourier space images all show the wide angular distribution patterns which are similar to Fig.3 (a). But one interesting thing is very different: when we move our excitation to the side edge of the triangular plate, we see that the light distribution is no longer isotropic. In each Fourier space image, there is more light in one direction and less light is in the opposite direction.

Figure 5 (

 5 Figure 5 (e)-(g) respectively show the polar emission patterns obtained along the white dotted lines in Fig. 5 (b)-(d). The white dotted lines are perpendicular to the side edge. The intensities of the polar patterns are normalized. From the polar emission patterns, we see the anisotropy of the emission more directly. Additionally, we also see that the light distribution covers a large range of angles from ≈ 42° to ≈ 72°, i.e., between the critical angle and the maximum acceptance angle of the objective.

Figure 6 ( 6 (

 66 Figure 6 (h)-(m) show the polar emission patterns obtained along the white lines in Fig. 6 (b)-(g). Compared with the triangle results, the hexagonal plate also presents directional light emission. We use equation (6.1) to calculate the directivity. The directivity values for each side from b to g are respectively 5.6 dB, 4.9 dB, 3.5 dB, 4.7 dB, 3.4 dB and 4.1 dB.

Figure 6 .

 6 Figure 6. Fourier space images of the STM excitation of a hexagonal plate with the excitation located at different edges annotated from b to g. (a) STM image of a hexagonal plate with a longest side length of near 500 nm and a shortest side length of near 300 nm. The white lines on the image indicate the edges of the plate. (b)-(g) Fourier space images for different excitation positions b to g. (h)-(m) Polar emission patterns obtained along each dashed white line in (b)-(g). The experiment is performed on the "Veeco" setup. Bias is set at 2.8 V, setpoint current is in the range of 1 -4 nA. Acquisition time is 300 s.

Figure 7 .

 7 Figure 7. Fourier space images of STM excitation of a triangular plate with the excitation located at a vertex and on an edge. Fourier space image when the excitation position is (a) at the vertex and (b) at the edge of the triangular plate. The experiment is performed on the "Veeco" setup. Bias is set at 2.8 V and setpoint current is in the range of 1 nA to 4 nA. Acquisition time is 300 s.

  7), so one might think that more light should be emitted in the direction away from the absorbing metal. Thus we may conclude that more work (both experiments and simulations) are necessary to clearly elucidate the mechanisms which are responsible for the observed directional emission of light.

Figure 8 .

 8 Figure 8. (a) Schematic illustration when the excitation is at the edge of the triangular plate. More light may scatter towards the substrate side because on the other side there is more loss in the Au film. (b) Designed experiment to evaluate the proposed edge effect. In this experiment,

Figure 9

 9 Figure 9 presents their results for the (b) vertex, (c) edge and (e) center modes as well as (d) a combination of edge and center modes for this silver triangular structure [15].

Figure 9 .

 9 Figure 9. Five EFTEM images acquired on a 276.5 nm triangular silver nanoprim at (a) 0, (b) 0.79 -1.02, (c) 1.34 -1.57, (d) 1.54 -1.77, and (e) 1.89 -2.12 eV. For (b) to (e), the outer contour of the nanoparticle is outlined by thick white lines. The intensity scale is common to the four images. Note the existence of (b) corner, (c) edge and (e) center modes as well as (d)

Figure 10 .

 10 Figure 10. Spectral measurement on a triangular plate with a side length of ≈ 800 nm. Two consecutive measurements are presented, showing that the measurement is reproducible (no change in the peak position), though slight variations exist (probably due to tip changes).

Figure 11 .

 11 Figure 11. Spectra of two different sizes of triangular plates when the excitation in the center of the plates. One triangle has a side length of near L2 = 800 nm and the other one has a side length of near L1 = 600 nm. Both of them show similar spectral features with a main peak at a wavelength of 730 nm (1.68 eV). Note, however, that a secondary peak exists at λ ∼ 900 nm for the triangle with L1 = 600 nm and λ ∼ 950 nm for the triangle with L2 = 800 nm (see stars).

Figure 12 .

 12 Figure 12. Comparison between experimental and simulated spectra when the excitation is centered on the triangular plate. Two different structures are used with different side lengths of L2 = 800 nm and L1 = 600 nm. The thickness of the triangular plate is 20 nm.

Figure 14 .

 14 Figure 14. Spectral behavior for differently sized triangular plates when the excitation is at the edge. The triangular plates have side lengths of around L1 = 600 nm, L2 = 800 nm and L3 = 900 nm. In all cases, the STM excitation is at the edge of each triangular plate. We set the bias at 2.8 V, tunnel current setpoint as 0.5 nA and acquisition time as 300 seconds.

Figure 15 .

 15 Figure 15. Simulated and experimental spectra when the excitation is on the edge of the triangular plate (Pos2). Six different structures are used with different side lengths of L = 600, 630, 780, 800, 830 and 900 nm.The spectra are all calibrated as in Fig. 13.

Figure 16 (

 16 Figure 16 (a) shows the STM topography image. Bright areas indicate higher topography and darker ones present lower topography. Figure 16 (b) shows the corresponding current map.Bright areas stand for high current and dark areas indicate low current. Both images show the same tendency: the highest topography is at the edge in Fig.16(a), as is the highest current (Fig.16 (b)). The largest number of photon counts is also seen at the edge. Figure16 (c)shows the photon mapping image (counts per second).

Figure 16 .

 16 Figure 16. Topography, tunnel current and photon images. The triangular plate has a side length near 630 nm and is 20 nm high. The photon image is recorded with a bandpass filter of 900/40 nm. These are all recorded under the bias of 2.8 V and a setpoint of 0.1 nA.

  16 (c) by the current image of Fig. 16 (b).Figure 17 (a) shows the photon per electron mapping image. The photon/electron image gives the photon yield over the triangular plate which will be referred as the photon yield image later. Figure 17 (b) presents the 3D image of Fig. 17

  (a) from which we clearly see that the photons at a wavelength of 900/40 nm are mainly emitted when the excitation is along the edge of a triangular plate.

Figure 17 .

 17 Figure 17. Photon per electron mapping image. (a) The photon mapping image is acquired by dividing the photon image of Fig. 16 (b) the by current map image of Fig. 16 (c). The result shows the photon per electron mapping image. (b) 3D image of (a) in which we clearly see where photons at a wavelength of 900 nm are excited. The triangular plate has a side length near 630 nm and is 20 nm high. The photon image is recorded with a bandpass filter of 900/40 nm in front of the detector. The results are recorded under a bias of 2.8 V and a setpoint of 0.1 nA.

Figure 18 .

 18 Figures. 18 (e) and 18 (f) show the photon mapping images acquired and Figs. 18 (g) and 18 (h) are the normalized photon yield maps. Interestingly, we find that at different wavelengths, the photon yield distribution over the triangular plate is different. For the bandpass filter of 750/40 nm (according to the energy range of 1.61 eV to 1.7 eV), we see that there are more photons when the excitation is in the center of the triangular plate. For a bandpass filter of 900/40 nm (energy range from 1.35 eV to 1.41 eV), however, we see that there are more photons when the excitation is on the edge of the triangle. The fact that very different photon maps are obtained for different collection wavelengths is a second piece of evidence that the STM-nanosource is sensitive to the optical LDOS.

Figure 19 .

 19 Figure 19. Quantifying the number of photons per electron for the triangular plate with length near 630 nm and a thickness around 20 nm. For the bandpass filter of 900/40 nm, the photon yield is respectively (a) larger and (b) smaller than the threshold of 12E-9. For the bandpass filter of 750/40 nm, the photon yield is respectively (c) larger and (d) smaller than the threshold of 5E-9.

Figure 20

 20 shows the comparison between the experimental ((a)-(c)) and simulation results ((d)-(i)) for the same size triangle (L = 630 nm)

Figure 20 .

 20 Figure 20. Photon mapping results for experiments ((a)-((c)) and simulations ((d)-(i)) for different wavelengths. The triangle has a side length L = 630 nm and a height of 20 nm. In the simulation, a vertical dipole is placed at different positions on the triangle.

Figure 21 (

 21 photon mappings on the same plate. Figure21(a) presents the topography acquired during the first photon mapping and Fig. 21 (b) is the 3D representation. Figure 21 (c) shows the topography acquired during the sixth photon mapping on the same plate and Fig. 21 (d) presents its topography in 3D. Comparing Figs. 21 (b) and 21 (d), we clearly see that for the topography in Fig. 21 (d), several small protrusions have appeared as shown in a black circle. These do not exist in Fig. 21 (a).

Figure 21 .

 21 Figure 21. STM images showing how the topography varies for a nanoplate which has been scanned several times at high voltage (2.8 V). (a) STM image acquired during the first photon mapping. (b) 3D topography of (a). (c) STM image acquired during the sixth photon mapping. (d) 3D topography of (c). Here a bias of 2.8 V and a setpoint of 0.1 nA are applied. Note that thermal drift causes apparent the changes in the dimensions seen in parts (a) and (c).

Figure 22 .

 22 Figure 22. Sketches of the tip location on a triangular plate. (a) The STM tip is in the center of a triangular plate. The inelastic tunnel current may be represented as a vertical dipole. (b) The STM tip is at the edge of the triangular plate. A tilted dipole is the best representation of the inelastic tunnel current.

6 )

 6 Using the expression (c.2), a thickness of d = 20 nm, a wavelength of λ = 700 nm and the dielectric constants from Johnson and Christy[3], we get the calculated Fourier space image of Fig.2.

  3 (d), chapter 5). The pattern here is different from what is seen in Fig.3 (chapter 6) for the triangular plate (about equal intensity for all angles greater than the critical angle).

Figure 6 .

 6 Figure 6. Photon maps obtained with different bandpass filters of 750 40 nm (1.61 eV to 1.71 e),

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

Table 4 .

 4 

	Structure 1	2	3	4	5	6	7	8
	D 2 (µm)	3	3.05	3.2	3.46 3.92 4.67	6	8.77
	e	0	0.18 0.35 0.51 0.64 0.77	0.87	0.94

1. Parameters of the elliptical slit. 𝐷 2 and eccentricities (e).

  are the transmission coefficients at the air/Au and Au/glass interfaces respectively. r 01 p and r 12 p are the reflection coefficients at the air/Au and Au/glass interfaces respectively. They can be read as[2] :

	) =	t 01 p t 12 p e ik z1 d 1+r 01 p r 12 p e 2ik z1 d (c.3)
	where, t 01 p and t 12 p	

Using a circular plasmonic lens to control the emission of electrically excited light

In this chapter, the production of a radially polarized microsource of light with a small angular spread is demonstrated using the electrical excitation of a plasmonic lens. This chapter is based on the articles [1]- [3].

Chapter 4

Controlling the direction and angular spread of light beams using an STM-excited elliptical plasmonic lens

In this chapter, we investigate the interaction between an STM-based nanosource of SPPs and an elliptical plasmonic lens. We focus on controlling the direction and angular spread of the emitted light by varying the parameters of the elliptical plasmonic lens. and Fig. 3 (c) shows the resulting Fourier space image. The experimental parameters are kept the same as in Fig. 2. In Fig. 3 (c), we see a very intense elliptical spot. This result indicates that the majority of light emitted at this angle constructively interferes; as a result, we get light emission with a low angular spread.

To further explore the beam from an STM-excited elliptical slit, the intensity profile taken along the white dashed line in Fig. 3 (c) is shown in a polar plot in Fig. 3 (e). From Fig. 3 (e), we see that light is emitted in a particular direction, in contrast to Fig. 2 (f). Additionally, compared with Fig. 2 (e) which shows a 0° emission angle with regard to the optical axis, now the emission angle is measured at ≈ 38°. The emission angle is measured as shown in Fig. 2 (e): the red dashed line indicates the position of the center spot. The emission angle 𝜃 is measured as the angle of the red dashed line with respect to 0° corresponding to the optical axis.

In the same way, we move our excitation to the left focal point of the same elliptical plasmonic lens to observe the same phenomenon of directional light emission with low angular spread. Figure 3 

Chapter 5

Probing the optical band structure of a planar plasmonic

multi-layer stack by STM excitation

In this chapter, we demonstrate that the STM-excited nanosource is able to probe the optical band structure of a planar plasmonic multi-layer stack. We also compare the results of laser and STM excitation on the same structure and we find that the STM excitation is more sensitive in terms of signal-to-noise.

Next we record the Fourier space images with different bandpass filters in front of the CCD camera (see chapter 2). Figure 4 shows the results obtained with bandpass filters of 625/26 nm, 700/40 nm, 750/40 nm, 800/40 nm, 850/40 nm and 900/40 nm and also the intensity profiles taken along the white dashed line in the corresponding Fourier image are shown each below.

From the intensity profiles in Fig. 4 (g)-(l), we clearly see that the position of the inner peaks almost overlaps for different bandpass filters at k ∥ k 0 ⁄ ≈ ±1.03 for the "SPP-like" mode.

These inner rings appear at the expected wavevector for SPPs propagating at an air/Au interface and this resembles the leakage radiation of the SPP modes launched on the Au film. Therefore, we infer that these hybrid modes have SPP character within this wavelength range.

The wavevector of the outer rings, however, varies with wavelength. As the wavelength increase, the wavevector decreases. When the filter wavelength is 900 nm, the second ring disappears. Later, we will show in more detail how k ∥ k 0 ⁄ varies upon changing wavelength.

We propose that this mode corresponds to a hybrid mode of "waveguide-like" character.

In order to look into the details of the proposed "waveguide-like" modes, first we introduce the effective index n eff . The effective index is the ratio of the in-plane wavevector of the collected light to the wavevector in free space, i.e.:

where k 0 is the wavevector in free space and is equal to

(ω is the angular frequency and c is the speed of light).

In chapter 2, we have already discussed the expression for SPPs propagating at an air/metal interface:

So the effective index of an SPP mode is equal to:

where ε m and ε d are the dielectric constants of Au and air respectively in our case.

Figure 6 (a) shows the effective indices of the proposed "SPP-like" and "waveguide-like" modes of our plasmonic multi-layer stack which are determined experimentally from Fig. 4 and plotted as a function of the emission wavelength. From this, we see that in the experiment, the effective index of the "waveguide-like" mode decreases as the wavelength increases and at a longer wavelength of ≈ 900 nm, the "waveguide-like" mode disappears.

In Fig. 6 (a), we also plot the results of a theoretical calculation of the effective index of a "pure" SPP mode propagating at the air/Au interface. In the theoretical calculation, equation (5.3) is used and the optical constants are taken from Johnson and Christy [20]. We see that the theoretical result for a "pure" SPP mode matches the experimental measurements, confirming the "SPP-like" character of the mode with k ∥ /k 0 ≈ ±1.03.

Collaborators from our group, Moustafa Achlan and Georges Raseev, did a simulation for the MIM structure. Within the simulation, the STM inelastic electron tunneling (IET) is modeled as a vertical oscillating dipole. The oscillating dipole is placed 1 nm above the MIM structure. This dipole emits a spherical electromagnetic wave. Using the Sommerfeld expansion, the spherical waves in momentum space can be divided into two parts: propagating plane waves and evanescent waves. The Fresnel reflection and transmission coefficients are used at each Using the same method as previously, the effective indices as a function of the emission wavelength as well as the dispersion relations are plotted in Fig. 14. The two modes identified at wavelengths of 625 nm and 655 nm also exist in the simulation results, except that for the simulation, the modes have higher effective indices. Another interesting point is that at these two wavelengths, unlike for the other two structures, the effective indices of the "SPP-like" In order to quantify the directional emission, we will use a quantity called the directivity.

A simple definition of the directivity is the intensity ratio between the point of maximum emitted power (F) and the point on opposite side of Fourier space of emitted power (B) [1]:

In this way, we calculate the directivity values for each side b, c and d: 4.3 dB, 6.8 dB and 5.7 dB.

Compared with the Yagi-Uda antenna, we find that using this simple definition for directivity, the highest directivity we achieve from the triangular plate is even slightly higher than that which has been measured for a quantum dot coupled to a Yagi-Uda antenna (6 dB) [1]. Note, however, that while the angular spread in θ direction is similar for both systems, the spread in the φ direcion is about a factor of two smaller for the Yagi-Uda antenna. There are 

a.2 Experimental results when the excitation is located at different positions for different elliptical plasmonic lenses

After discussing the Fourier space patterns for a particular elliptical plasmonic lens when the excitation position is moved along the major axis of the elliptical plasmonic lens, now we will show the results for different plasmonic lenses. Our results are displayed in Fig. 3. Figure 3 (1)-( 5) presents 5 different bright field images of the structures as shown before. Note how the patterns in Fourier space gradually evolve from the simple circular pattern for the circular slit (Fig. 3 (a)) to the more complicated pattern of the ellipse with the highest eccentricity (Fig. 3(c)).

182 The angular distribution of the radiation from a vertical dipole through an air-gold -glass sandwich structure can be read as [1]:

When the distance of dipole above the gold layer z 0 = 0, the transmitted radiation intensity through the glass layer can be calculated as [1]: From the intensity profiles in Fig. 3 (c), we see that there is still more light at higher angles than for the thin film results (see Fig. 3 (d), chapter 5). However, there is still no intensity for -1 < nsinθ < 1, unlike the experimental result for the triangular plate in Fig. 3(d). Thus, expected, the STM-excitation of a triangular plate cannot be approximated as a vertical oscillating dipole above the glass substrate.