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Abstract 
To fabricate even faster, smaller and more cost efficient memory devices, the way data is stored has 

to be changed. A promising candidate that can be used to store data are semiconductor quantum 

dots (QDs). To integrate these QDs in nowadays electronics, the diffraction limit of light has to be 

overcome. Gold plasmonic nanodisks can be used to confine the light into small areas called 

hotspots. In this work, both the excitation enhancement and the emission enhancement of QDs 

located in these hotspots are investigated. The goal of this research is to increase the excitation and 

emission of only a few QDs located in the hotspots. 

Simulations were performed to calculate the excitation and emission enhancement of QDs near the 

gold nanoantennas. Both the excitation and the emission of the QDs increase in the hotspots at 

wavelengths between        and       . The electric field strength shows a peak at          

and          where the excitation enhancement turned out to be    and    respectively. The 

emission enhancement of the QDs depends on the initial quantum yield, the position and the 

direction of the emitter. The hotspots are strongest when a gold thickness is used of       . The 

resonance wavelengths of the gold nanoantenna are determined by the radius of the nanoantenna. 

These calculations were done to determine the optimal gold nanostructure.  

After the gold deposition on the QD heterostructure, the number of QD photoluminescence (PL) 

peaks near the gold structures is reduced substantially. This reduction of the QD PL is probably 

caused by the scanning electron microscope (SEM). Despite this, the effect of the gold nanoantenna 

on the QD PL was tried to be measured. No QD PL was observed when exciting the QDs resonantly, 

despite the large excitation enhancement in the hotspots. This is probably caused by trapped charges 

in the QDs which cause a Coulomb blockade and this can block the resonant excitation completely. It 

turned out that the QDs can only be excited with excitation wavelength below         . At these 

wavelengths, no hotspots arise and it is not possible to increase both the excitation and the emission 

of the QDs with the gold nanoantennas. 

To investigate the emission enhancement, the gold nanoantennas were excited with a laser emitting 

at      . In almost all cases no QD PL was observed. In only a few PL spectra, QD PL was measured. 

In these cases, the QD PL intensity was about 2 to 4 times higher than the QD PL intensity without 

any gold nanoantenna. Because only a few PL spectra show QD PL peaks, it is difficult to explain this 

enhancement and it is impossible to do some statistics on it. The large observed QD PL peaks can be 

caused by the emission enhancement induced by the gold nanoantenna. On the other hand, it is also 

possible that the high intensity of the QD peaks is caused by optical strong QDs or that the focus in 

these PL measurements was favourable.  
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Chapter 1 

Introduction 

In 1965 Gordon Moore observed that the number of transistors which are on an integrated circuit 

doubled approximately every two years from 1958 to 1965 and he predicted that this would continue 

for at least a decade (till 1975) [1]. Now we know that this prediction holds already for 50 years and it 

is used in the semiconductor industry as a guideline to set targets for research and for the 

development of new advanced techniques to make the transistors on an integrated circuit smaller 

[2]. Nowadays EUV lithography systems manufactured by ASML, which are used to produce 

integrated circuits, already reach a resolution of       [3]. For now, it is not known when Moore's 

law reaches its limit but at some point in the near future it will be physically impossible to increase 

the number of transistors on an integrated circuit even more. 

In order to still satisfy the demand to fabricate even faster, smaller and less power consuming 

processors after reaching the limit of Moore's law, the processing, the transport and the storage of 

data has to be integrated on one single chip and other techniques has to be used to reach this. To 

decrease, for example, the power consumption of computers, photons instead of electrons could be 

used to transport data. To achieve this, electronics and photonics have to be combined on the 

nanoscale. A promising candidate that can be used to combine electronics and photonics are the III-V 

compound semiconductor materials. In heterostructures of these materials, charge carriers can be 

trapped and can interact with light. An example of such a structure is the quantum dot. Quantum 

dots are so small that the properties of these dots differ from the bulk material. The study of the 

behaviour of light at the nanoscale and the interaction of light with matter at this length scale is 

called nanophotonics. 

1.1 Motivation and research goal 

To combine electronics and photonics on the nanoscale, it is also necessary to confine light into the 

nanoscale range. However, the smallest size in which light can be confined is limited by the 

diffraction limit and depends on the wavelength of the light. This limit is not caused by the used 

equipment, but is a real physical limit. The length scale in which the light can be focussed is 

comparable to the wavelength of the light. This length scale also defines the smallest distance at 

which two separated objectives can be distinguished with, for example, a light microscope. To 

overcome the diffraction limit special techniques have to be employed. 
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One of the things that can be used to overcome this diffraction limit of light, is by using the 

plasmonic behaviour of metal nanoparticles. Plasmonics is a part of nanophotonics and is the study 

of the interaction between electromagnetic waves and free conduction electrons in metals. In this 

work, light will be confined with cylindrical gold plasmonic nanoantennas which confine 

electromagnetic waves into nanoscale dimensions. These small volumes, where the electromagnetic 

field is larger than in the surrounding area, are called hotspots. The size of these hotspots can be 

much smaller than the wavelength of the light. In this study, we combine the plasmonic behaviour of 

gold nanoantennas, which are used for the confinement of light at the nanoscale, with quantum 

dots. 

The hotspots of the gold plasmonic nanoantennas will be used to increase both the excitation and 

the emission of quantum dots. The gold plasmonic nanoantennas are grown on top of an 

InAs/AlGaAs quantum dot heterostructure. Because these hotspots are so small, it should be possible 

to lower the number of quantum dots that will be excited. The goal of this research is to increase the 

excitation and emission of only a few of these quantum dots located within the hotspots of these 

gold nanodisks. 

1.2 Scope of this thesis 

In this thesis, the optical properties of hybrid structures combining gold plasmonic nanoantennas and 

InAs/AlGaAs quantum dot heterostructures are investigated. In the first and second section of 

Chapter 2, theory about quantum dots and photoluminescence of the quantum dots is provided. In 

the third section of Chapter 2, concepts of plasmonics and the plasmonic behaviour of (gold) 

nanoparticles are discussed. This will be an introduction to the work presented in Chapter 3, where 

the local electromagnetic field near a gold nanoantenna is simulated when this gold nanoantenna is 

illuminated with laser light. Furthermore, the outcoupling of quantum dot emission near the gold 

nanoantenna is simulated and presented in Chapter 3. After the simulations, this effect of efficient 

excitation of a few quantum dots near the gold nanoantenna and the efficient outcoupling of the 

quantum dot emission will be tried to be demonstrate experimentally. In Chapter 4, the quantum dot 

heterostructure used in the experiments is described and the details about the fabrication of the 

gold mask that is made on top of this heterostructure are given. In Chapter 5, the setup used to 

perform the photoluminescence measurements is described and the way the measurements are 

performed is explained. Chapter 6 provides the results of these photoluminescence experiments. The 

photoluminescence measurements were preformed both on the bare quantum dot heterostructure 

and on the heterostructure in combination with the gold nano-structure. Both results are compared 

and discussed in Chapter 6. A final conclusion and further outlook is given in Chapter 7. In this 

chapter, additionally recommendations are presented to increase the effect of coupling between the 

quantum dots and the gold nanoantennas and some ideas to improve the excitation and the 

emission of the quantum dots are provided.  
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Chapter 2 

Theory 

In this chapter, relevant theory that has been used during this project is discussed. First an 

introduction to semiconductor quantum dots (QDs) is given. Quantum dots are so small that the 

properties of these dots differ from bulk materials. In these QDs, electrons and electron vacancies 

can be confined. Photoluminescence will be described in the second section of this chapter. As 

described in Chapter 1, gold nanoantennas are used to change the photoluminescence of the QDs in 

this work. In gold nanoantennas, free electrons can interact with electromagnetic fields which can 

lead to hotspots around the nanoantennas. The plasmonic behaviour of such gold nanoparticles is 

described in the last section of this chapter. 

2.1 Quantum dots 

Quantum dots (QDs) are a promising candidate for photon emitters that could be used on chips for 

quantum information applications. Quantum dots are very small structures (with sizes between a few 

nanometres and tens of nanometres [4]), which consist of a cluster of atoms of a certain 

semiconductor material that is enclosed by a different semiconductor material (called the matrix). An 

example of a single QD is shown in Fig. 2.1. Because the size of these QDs are so small, both electrons 

and holes are confined in three directions. Because of this, these structures are often referred as 

zero dimensional (0D) structures. The properties of these 0D structures differ from bulk (3D) 

semiconductor structures. Lowering the dimension of a semiconductor material leads to a change in 

the electro-optical properties of this material. The density of states (DOS) of a system describes the 

number of states with a certain energy that are available in the system. The DOS of 0D structures 

consists of discrete peaks. This is different from 3D structures in which the DOS as function of the 

energy is continuous. The DOS for structures with different dimensions is shown in Fig. 2.2. Because 

electrons and holes in the QD are only allowed to occupy some discrete energy levels, the QDs are 

sometimes referred to as artificial atoms. The energy levels of these QDs are determined, among 

others, by the size and shape of the QD, the composition of the QD and the matrix, the strain profile 

of the QD and doping atoms or impurities in the QDs. Exposing the QDs to external electric or 

magnetic fields will change the electro-optical properties of the QD as well [5]. 
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Figure 2.1 A scanning tunneling microscope (STM) image of a cleaved self-assembled single InGaAs/GaAs quantum dot. This 
picture is taken from [6]. 

 

Figure 2.2 The density of states (DOS) as function of the energy of a bulk material (3D), a quantum well (2D), a nanowire 
(1D) and a quantum dot (0D). This picture is taken from [7]. 

2.1.1 Different types of quantum dots 
There are a lot of different kinds of QDs with different composition, structure and growth 

techniques. Two types of QDs which are often used are the core-shell QDs and the colloidal 

nanocrystals. Core-shell QDs consist of a small region of one semiconductor material which is 

embedded in another semiconductor material. The outer semiconductor material needs a larger 

bandgap to create a region inside where electrons and holes can be confined. Colloidal nanocrystals 

are solution-grown particles which can be fabricated in solutions of semiconductor materials by, for 

example, heating the solution. By changing the heating temperature, changing the concentration of 

semiconductor materials in the solution and by using different semiconductor materials the 

properties of the colloidal nanocrystals can be changed [8]. In this project, another type of QDs is 

used, the so called strain induced self-assembled quantum dots. 
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2.1.2 Growth modes of self-assembled quantum dots 
Strain induced self-assembled quantum dots can, for example, be produced with molecular beam 

epitaxy (MBE) or metal-organic vapour phase epitaxy (MOVPE). With these growth methods, a 

semiconductor material is epitaxially grown on top of a substrate, which is in general another 

different semiconductor material. Due to the fact that every semiconductor material has a different 

lattice constant there will be a lattice mismatch between both materials. This lattice mismatch 

causes a strain at the interface. In this case three different growth modes can occur [9]. In the first 

case, the interaction between the substrate atoms and the grown atoms is larger than the mutual 

interaction between the grown atoms. This causes layer-by layer growth or Frank-Van der Merwe 

growth. In the opposite case, the interaction between the grown atoms is larger than the interaction 

with the substrate atoms, island growth or Volmer-Weber growth takes place. Intermediate between 

these two growth modes, Stranski-Krastanow growth can take place. In this case, both layer 

deposition and island formation occur. During deposition of this growth mode, first a few monolayers 

are grown. These layers are called the wetting layer. After a critical layer thickness is reached, island 

growth is energetically more favourable and will take place. The critical layer thickness depends on 

surface energies and the lattice mismatch between both materials [9]. A schematic picture of all 

three growth modes are shown in Fig. 2.3. 

 

Figure 2.3 Schematic representation of the three main different growth modes: layer-by-layer (Frank-Van der Merwe) 
growth mode, layer-plus-island (Stranski-Krastanow) growth mode and island (Volmer-Weber) growth mode. This picture is 

taken from [10]. 

The existence of the three different growth modes can be explained with the surface energy   of the 

materials at the interface. The surface energy is the energy (per unit area) that is needed to create a 

surface between two different materials and so gives the total energy of all the intermolecular bonds 

that are disrupted compared to the intermolecular bonds in the bulk material [11]. In Fig. 2.4 a 

picture is shown of an island that is created on a surface together with all three different surface 

energy components. In this picture, the surface energy   is interpreted as a force per unit of length 

and the equation of force equilibrium (Young's equation) is given by [11] 

              ,         (2.1) 

where    is the surface energy per unit area of the substrate,    is the surface energy per unit area of 

the grown material,     is the surface energy per unit area between the substrate and the grown 

atoms and   is the contact angle between the substrate and surface of the created island. 
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For layer-by-layer (Frank-Van der Merwe) growth,     and Eq. (2.1) can be written as [9] 

          .          (2.2) 

For island (Volmer-Weber) growth,     and Eq. (2.1) can be written as [9] 

          .          (2.3) 

For layer-plus-island (Stranski-Krastanow) growth, first Eq. (2.2) is satisfied. After growing one (or a 

few) monolayer(s) the surface energy values    and     change and the condition of Eq. (2.3) is 

satisfied. 

 

Figure 2.4 Schematic picture of an island grown on a substrate. The relation between the contact angle   and the surface 
energies   ,     and   . This picture is taken from [11]. 

By changing, for example, the temperature, the strain, the deposition rate and the time of growing, 

the desired size, shape, composition and number density of the QDs can be made. Because the 

growth process is random, the QDs are not identical and are randomly distributed over the sample 

(see Fig. 2.5). The size of the QDs can change from one another and follows a Gaussian distribution 

[4]. Every QD will be different from each other and every QD will have unique properties. The QDs 

can be capped by growing substrate material on top of the QDs. In this case, the QDs are embedded 

in the substrate material (the matrix). 

 

Figure 2.5 An 1x1 µm
2
 atomic force microscopy (AFM) image of uncapped self-assembled InAs/GaAs quantum dots. This 

picture is taken from [6]. 
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2.2 Photoluminescence 

As described in the previous section, the energy levels of quantum dots (QDs) are determined by the 

composition of the QDs. Every semiconductor material has a different band gap energy    and a 

different lattice constant. In Fig. 2.6 different kinds of semiconductor materials are shown together 

with their band gap energy    and their lattice constant   . As can be seen in Fig. 2.6, the band gap 

of semiconductor materials is not always direct. This differs from semiconductor to semiconductor 

and even changes sometimes when the concentration changes inside a material. For AlxGa(1-x)As, 

below the critical value of       , the bandgap is direct. Above this critical value of the 

concentration, the band gap becomes indirect [7]. This means that the minimum of the conduction 

band and the maximum of the valance band has a different wave vector. 

 

Figure 2.6 The bandgap energy    and the lattice constant    for different, often used, semiconductor materials at room 

temperature. This picture is taken from [12]. 

2.2.1 Photoluminescence measurement 
An important subject of this thesis is the photoluminescence (PL) of semiconductor quantum dots. 

With the PL spectrum, the optical properties of the QDs can be studied. A schematic picture of how 

the PL spectrum is created is given in Fig. 2.7. The PL process contains three different steps. In the 

first step, the semiconductor material is excited by photons with an energy larger than the bandgap 

energy. In this case, an electron is excited from the valance band to the conduction band and this 

leads to a creation of an electron in the conduction band and a hole in the valance band. This process 

is called photoexcitation. The Coulomb interaction between the electron and the hole results in the 

formation of an electron-hole pair, called an exciton. After this, the exciton relaxes to the lowest 

available energy state. This relaxation is mainly caused by thermal effects and the interaction with 

phonons. When QDs are present, the lowest energy states are the discrete energy levels in the QDs. 

After the relaxation of the exciton to the energy levels in the QDs, recombination takes place. During 

the recombination, a photon is created with the same energy as the energy of the exciton in the QD. 

This energy depends on the size and shape of the QD and of the materials used for the QDs and the 

matrix around the QDs. Therefore the emitted photons give information about the QD and its 

surrounding. 
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Figure 2.7 Schematic picture of the photoluminescence mechanism which consists of three main steps: photoexcitation, 
relaxation and recombination. This picture is taken from [13].  

2.2.2 The harmonic oscillator model of the quantum dot 
To describe the physics of semiconductor QDs, the band structure of the QD can be considered as a 

potential in which electrons and holes are confined. A good start to describe the band structure of 

the QD is by using a harmonic oscillator potential. Because a lot of different effects have to be taken 

into account, it is difficult to describe the QD with a simplistic potential model. However, by 

describing the QD with a harmonic oscillator potential some of the fundamental properties of QDs 

can be understood. The potential is formed by the fact that the bandgap of the QD is different (and 

smaller) from the bandgap of the surrounding material. In Fig. 2.7 a schematic picture of the band 

structure of a QD was already shown. The distance between the conduction and valance band in 

both the QD and the surrounding material depend on the semiconductor materials that are used (see 

Fig. 2.6). Also the dimensions of the QD determine the shape of the band structure of the QD. Both 

these features of the QD determine the shape of the harmonic oscillator potential that has to be 

used to describe the QD.  

To find the wave function   and the eigenenergies    of a particle (electron or hole) trapped in the 

QD, the time-independent Schrodinger equation with the harmonic oscillator potential has to be 

solved, which is given by [14] 

       
  

    
         

  

    
    

 

 
     

      
      

           , (2.4) 

where    is the Hamiltonian operator,    is the effective mass of the particle (electron or hole) and 

  ,    and    are the angular frequencies of the harmonic oscillator. The solution of this equation is 

found to be [14] 

          
       

       
     ,       (2.5) 

   
       

    

  
 

 

  

       
  

     
 

       
    

 
  ,     (2.6) 

            
    

 
 
 

  
 
  
   

 
,       (2.7) 

where    is the three dimensional position vector, the label   contains the quantum numbers   ,    

and    and        are the Hermite polynomials of the order   . In Eq. (2.6) only the wave function 
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in the   direction is given. The wave function in the   and   direction are equal to the wave function 

in the   direction. The eigenenergies    of the found wave function are given by 

                  
 

 
         

 

 
         

 

 
    ,   (2.8) 

The wave functions and the eigenenergies for the one-dimensional harmonic oscillator potential are 

plotted in Fig. 2.8. The eigenenergy of the ground state (    ,      and     ) depends on the 

angular frequencies   ,    and   . The eigenenergies of the excited states are all separated with a 

energy splitting of      . In QDs, the conduction and valance band consist of discrete energy 

levels. 

 

Figure 2.8 In the left picture, the wave functions of the ground state and the first two excited states for the one-
dimensional harmonic oscillator potential are plotted together with their eigenenergies. In the right picture, the relation 

between the length scales of the QD and the dimensions of the harmonic oscillator potential is shown. As can be seen, the 
length scale in the   direction is smaller than in the   and   direction and therefore the confinement energy is mostly 

determined by   . This picture is taken form [13]. 

The wave function of the ground state has a Gaussian shape and decays slowly in the surrounding 

material (see the left picture of Fig. 2.8). The characteristic lengths   ,    and    of the harmonic 

oscillator potential, and so, the size of the QD are given by [15] 

     
 

    
,     

 

    
 and     

 

    
.      (2.9) 

As can be seen, when the size of the QD becomes smaller, the confinement becomes larger and this 

leads to larger frequencies   and therefore leads to larger eigenenergies   .  

In general, the height of the QDs (mostly denoted by the   direction) is several times smaller than the 

width and length of the QD (       ). Because of this,         and the eigenenergy    of the 

particle in the QD is mostly determined by   . 

The energy of the photon after recombination of an exciton in the QD is given by 

                          ,       (2.10) 

where         is the bulk energy bandgap of the QD material,      and      are the eigenenergies of 

the bound electron and hole in the QD and     is the Coulomb interaction energy between the 

electron and the hole of the exciton. 
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2.3 Plasmonics 

2.3.1 Introduction 
As described in Chapter 1, the plasmonic behaviour of a gold nanodisk is used to create 

electromagnetic hotspots. Within the area of these hotspots both the excitation and the emission of 

quantum dots can be increased. Plasmonics is related to nanophotonics and is the study of the 

interaction between electromagnetic (EM) waves and free conduction electrons in metals. A major 

part of the field of plasmonics is concerned with confining EM waves in sub-wavelength volumes 

[16]. In this section the theory behind plasmonics and the plasmonic behaviour of metallic 

(nano)particles is described. 

A plasmon can be considered as a quasi-particle and is defined as a quantum of collective oscillations 

of free electrons in a metal [17]. The word "plasmon" relates to the plasma-like behaviour of 

conduction electrons in metals. These oscillations of electrons can appear in the bulk metal, called 

bulk plasmons, and can appear on the interface between a metal and a dielectric material, called 

surface plasmons. Plasmons are longitudinal waves and travel with a certain frequency and wave 

vector [18]. This means that the displacement of the electrons is parallel to the direction of 

propagation of the plasmon. When plasmons are excited this leads to plasmon resonances. When a 

plasmon couples to EM waves this results in a plasmon polariton. A polariton is defined as a quasi-

particle which consists of a coupling between EM waves and an electric or a magnetic dipole [7].  

2.3.2 Bulk plasmons 
The most fundamental plasmon resonance that can be present in metals is the bulk plasmon. 

Because these bulk plasmons are longitudinal waves, they cannot be excited by transverse waves like 

EM waves [18]. The only way to excite these plasmons is by using particles, for example electrons. 

The properties of these bulk plasmons can be described over a large frequency range by the Drude 

model. This model assumes that the metal is formed by positively charged ions where negatively 

charged electrons move freely through. With this model the frequency dependent dielectric constant 

of a metal can be derived and is given by [16] 

        
  
 

      
   

  
 

  
  

   
 

  
,       (2.11) 

where    is the effective electron mass,   is the density of the electrons,   is the damping rate due 

to the electron-electron scattering and the electron-phonon scattering and    is the plasmon 

resonance frequency of the metal. A derivation of this dielectric constant is given in Appendix A. In 

Eq. (2.11) the dielectric constant of the positive charged atoms is set to 1. At high frequencies, the 

damping rate   can be neglected and the dielectric function becomes real and is given by 

        
  
 

  
,          (2.12) 

The plasmon resonance frequency    is (see Appendix A) 

     
   

    
,          (2.13) 
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where   is the conduction electron density,    is the effective electron mass,   is the electron 

charge and    is the dielectric constant of vacuum. At high frequencies, the damping can be 

neglected and the plasmon resonance frequency    gives the frequency of the bulk plasmons in the 

metal. The dispersion relation of bulk plasmon polaritons can be determined by combining the 

dielectric function of the metal (Eq. (2.12)) and the dielectric function of EM waves,        
  

  
 

[19], and is given by 

         
      ,         (2.14) 

In Fig. 2.10 this dispersion relation is shown by the upper red line. As can be seen, bulk plasmon 

polaritons below the plasmon frequency    do not exist. At short wavelengths (  
  

 
) the bulk 

plasmon polariton dispersion relation approaches the light line. The light line,     , is the 

dispersion relation of EM waves in vacuum. 

2.3.3 Surface plasmons 
It is also possible to excite oscillations of conduction electrons at the interface between a metal and a 

dielectric material. These oscillations are called surface plasmon resonances (SPR). These 

propagating waves involve both motion of electrons in the metal and electromagnetic (EM) waves in 

the dielectric material. The coupling between these charge oscillations and these EM waves are 

called surface plasmon polaritons (SPPs) and are solutions of Maxwell's equations. These oscillations 

of the electrons form longitudinal waves in the metal which propagate along the surface and create 

EM fields in both the metal and in the dielectric material, as schematically shown in Fig. 2.9. As 

proved in Ref. [16], surface plasmon polaritons cannot exist with transverse electric (TE) polarization 

and only exist with transverse magnetic (TM) polarization. Furthermore SPPs can only exist at 

interfaces between two materials with dielectric constants with opposite sign, so between a 

dielectric material (   )  and a metal (   ) [16][18]. As shown in Eq. (2.12), the dielectric 

constant of the metal is only negative at frequencies below the plasmon frequency (    ). The 

EM fields decay exponentially into both materials. The decay length   of the EM waves in the 

dielectric material is much larger than in the metal, as shown in Fig 2.9. The decay length of the EM 

fields in the dielectric material is in the order of half the resonant wavelength. In the metal the decay 

length is in the order of the penetration depth of the metal [18]. The penetration depth gives the 

distance that light can penetrate into the metal. 
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Figure 2.9 Left: Schematic picture of the EM field and the charge distribution related to SPPs at the interface between a 
metal and a dielectric material. The SPP has a transverse magnetic polarization. Right: The decay lengths of the evanescent 

EM fields of the SPPs in both the dielectric material and the metal. This picture is taken from [18]. 

On a flat interface between a metal and a dielectric material with dielectric constants    and    

respectively, the SPP propagates with an in-plane wave vector      which is given by 

         
    

     
,         (2.15) 

where    is the wave vector in free space. A derivation of this SPP wave vector is given in Appendix 

A. When the metal is in vacuum,     , and the dielectric constant of the metal    is described by 

the plasma model which is given by Eq. (2.12), the wave vector becomes 

      
 

 
 
     

 

      
 .         (2.16) 

The dispersion relation of the SPP is then given by 

       
  
 

 
       

  
 

 
     .       (2.17) 

In Fig. 2.10 this dispersion relation is shown by the lower red line. At short wavelengths (  
  

 
) the 

SPP dispersion relation approaches asymptotically the surface plasmon frequency 

     
  

     
.          (2.18) 

At high frequencies, when damping can be neglected the surface plasmon resonance frequency     

gives the frequency of the surface plasmons at the interface. When the metal is in vacuum,     , 

the surface plasmon resonance frequency becomes     
  

  
 (see Fig. 2.10). At long wavelengths (or 

high frequencies) the SPP dispersion relation approaches the light line. When         , the 

wave vector along the surface is purely imaginary which means that that the wave does not 

propagate along the surface.  
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Figure 2.10 Dispersion relation of bulk plasmon polaritons (upper red line, given by Eq. (2.14)) and surface plasmon 
polaritons (lower red line, given by Eq. (2.17)). In this graph the dielectric constant of the dielectric material is set to      

(vacuum) and the damping rate   is neglected. The light line      is given by the black line and the plasmon frequency 
   and the surface plasmon frequency     are given by the dotted lines. This picture is taken from [20]. 

As can be seen in Fig. 2.10, the dispersion relation of the SPP does not coincide with the dispersion 

relation of the light line (except for the special case    ). Only when the light line and the 

dispersion relation of the SPP would coincide, the SPP could be excited with photons. At these points 

energy conservation             and momentum conservation               would be realized at 

the same time [18]. This implies that the SPPs cannot be excited directly by photons and special 

techniques have to be used to excite SPP modes with light. One example to excite the SPP modes 

with photons is by using attenuated total internal reflection (ATR). This technique uses the 

evanescent EM wave that is created when a light beam is total internal reflected at a surface. In this 

way a imaginary wave vector in the direction perpendicular to the surface can be created which can 

couple to the surface plasmons which lead to SPP modes [21]. Another way to excite the SPPs with a 

light beam is by using a grating or a rough surface. Diffraction effects can cause some additional 

momentum which transfers to the surface and with this the mismatch in wave vector between the 

SPP modes and the EM waves can be overcome [18]. 

Until now the damping rate   is neglected. When damping is considered (   ) the dielectric 

constant      and so the wave vector      become complex. This imaginary part causes energy 

losses of the travelling SPPs which are characterized by the propagation length. Typical propagation 

lengths are between 10 µm and 100 µm in the visible range and depend on the composition and 

shape of the materials [16]. When damping is considered the dispersion relation of SPPs can reach 

the surface plasmon frequency     at a finite wave vector   . This means that there is a lower limit 

of the wavelength of the SPP. 
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2.3.4 Localized surface plasmons 
A special kind of surface plasmons are the localized surface plasmons (LSPs). These LSPs are the non-

propagating counterpart of the surface plasmons and arise in metal nanoparticles with a size in the 

order of or smaller than the wavelength. The coupling between these LSPs and EM waves is called a 

localized surface plasmon polariton (LSPP). In small metal nanoparticles free electrons can be 

resonantly excited by EM waves. For particles with size in the order of the penetration depth the EM 

field can penetrate into the whole metal nanoparticle. Typical penetration depths are between 10 

nm and 50 nm for metals in the visible range [22]. In this regime the distinction between bulk 

plasmons and surface plasmons vanishes. The penetration of the EM fields into the material can lead 

to a shift of the negative free conduction electrons with respect to the positive metal core atoms. 

This leads to the formation of an electric dipole moment. A schematic picture of this phenomena is 

given in Fig. 2.11. The ability to create a dipole moment is given by the polarizability of the 

nanoparticle. The polarizability   of a particle is defined as the ratio between the dipole moment of 

that particle and the electric field that causes this dipole moment. Due to the opposite charges on 

both sides of the nanoparticle a restoring Coulomb force is created. Due to the restoring force, the 

free conduction electrons will start to oscillate. The properties of this oscillation depend on the 

charge and the effective mass of the electrons, the electron density within the metal and the shape 

of the nanoparticle [18]. In metal particles much larger than the wavelength (bulk material) this 

behaviour will not occur because the free electrons in these large particles will not oscillate against a 

restoring force [7]. The oscillations of free conduction electrons in nanoparticles will lead to strongly 

enhanced EM energy fields close to the particle surface, which are called hotspots. 

 

Figure 2.11 Localized surface plasmon resonance of a spherical nanoparticle in the presence of an external electric field. 
When the particle is small, the electric field is assumed to be constant over the volume of the whole particle. This picture is 

taken from [23]. 

For a small spherical metal particle surrounded by a dielectric material the LSPP around the particle 

and the polarizability   of the particle can be determined analytically in the electrostatic 

approximation. This means that the EM field is constant in the volume of the particle and with this 

the problem is reduced to the problem of a particle in an electrostatic field. The electrostatic 

approximation is only valid when the size of the particle is small compared to the wavelength. This 

problem is solved by using the Laplace equation       with correct boundary conditions and 
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subsequently the electric field is found by        . The dipole moment     of the spherical particle is 

then given by [16] 

                         
      

      
       ,       (2.19) 

where   is the radius of the particle and     is the static electric field. For a spherical metal 

nanoparticle the polarizability   of the particle behaves resonantly when        . So when the 

particle is in vacuum (    ), the LSPP mode is resonantly excited when      . With Eq. (2.12) 

the localized surface plasmon polariton frequency for a small metal nanoparticle in vacuum is given 

by      
  

  
. When the dielectric constant of the surrounding    increases, the LSPP frequency      

increases as well. At the LSPP frequency      the electric field near the nanoparticle is highly 

enhanced. 

For larger particles, particles with complex shapes, particles with a different orientation compared to 

the incoming EM field and for particles with more than one different dielectric material in the 

environment the electrostatic approximation is not valid anymore. In these structures, besides dipole 

modes, it is also possible to excite higher order modes like quadrupole modes and octopole modes. 

These modes can have different linewidths and different local field enhancements. For arbitrarily 

sized and shaped particles one has to use numerical methods in order to calculate the optical 

response of these particles. In the next chapter, the FDTD (finite-difference time-domain) method is 

used to numerically calculate the enhanced electric field near gold antennas on a semiconductor 

surface. 
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Chapter 3 

Simulations 

To improve the radiative properties of the QDs near the gold nanoantennas, both the excitation and 

the emission of the QDs have to be increased. To reach this, optimizations of the gold structures has 

to be made. In this chapter, the local electric field near different gold nanoantennas is numerically 

calculated when these gold nanoantennas are illuminated with an electromagnetic (EM) source. With 

these enhanced electric fields near the gold structures the excitation of the QDs can be increased. 

Subsequently, the enhancement of QD emission is simulated by looking to the decay rates of the 

QDs. This is done by using a dipole source located near the gold nanostructure to determine how the 

decay rate of the QD will change due to the presence of different gold nanoantennas.  

The plasmonic behaviour of simple systems like spheres and flat surfaces can be analytically solved 

by using Maxwell's equations [24]. For more complex structures, numerical methods have to be used 

to determine the plasmonic behaviour of the system. In this chapter, the Finite-Difference Time-

Domain (FDTD) method is used to solve the Maxwell's equations in the gold nanostructure system. 

The FDTD simulations are done by using the Lumerical software. In the first section of this chapter, 

the FDTD algorithm is described and the FDTD simulation approach used in these simulations is 

given. In the second and third section of this chapter, the excitation enhancement and the emission 

enhancement of gold nanoantennas with different sizes and in various configurations are shown 

respectively. With the help of these simulations, the optimal thickness   of the gold and the optimal 

diameter of the antennas          and the holes       are determined. Also the calculations on the 

effect of using channels (which are used to improve the lift-off process during the fabrication of the 

gold structure) are presented in this chapter. 

3.1 Numerical method 

The Finite-Difference Time-Domain (FDTD) method is used to solve Maxwell's differential equations 

in the complex hybrid structure containing gold plasmonic nanoantennas and QD heterostructure. 

First the general theory behind the FDTD algorithm is explained. In addition, the approach that is 

used to carry out FDTD simulation is given. After this, the way in which the excitation and emission 

enhancement of the total hybrid structure is determined is given. 
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3.1.1 The FDTD algorithm 
During the FDTD calculations, Maxwell's curl equations are solved which are given by [25] 

 
    

  
 

 

 
       

 

 
                     ,        (3.1) 

  
     

  
  

 

 
     ,         (3.2) 

where     is the electric field,      is the magnetic field and                       is a current which can be 

implemented into the simulation (for example a point dipole source). It can be seen that a change of 

the electric field in time depends on a change of the magnetic field in space. In three dimensions, the 

electromagnetic (EM) field is described by six different components:   ,    ,    ,    ,     and    . 

The FDTD method solves Eq. (3.1) and Eq. (3.2) on a discrete rectangular Cartesian grid which is 

called the mesh grid and has dimensions of   ,    and   . Using a smaller mesh size (smaller   ,    

and   ) a more precise representation of the calculated structure is made. On the other hand, a 

smaller mesh size will lead to longer simulation times and more memory will be required.  

To calculate the curl of the electric en magnetic field (see Eq. (3.1) and Eq. (3.2)), the six different 

components of the EM fields are calculated at slightly different positions on the same mesh cell. Each 

electric field component is located between a pair of magnetic field components and vice versa. This 

is shown in Fig. 3.1. At each time step   , the electric and magnetic field is calculated. The electric 

field at time   depends on the electric field at time      and the numerically calculated curl of the 

local distributed magnetic field in space at time   
 

 
  . The magnetic field at time   

 

 
   is 

calculated in a similar way and is dependent on the magnetic field at time   
 

 
   and the 

numerically calculated curl of the local distributed electric field in space at time  . As an example, the 

discrete FDTD equations for Eq. (3.1) and Eq. (3.2) that are used to calculate the   components of the 

electric field and the magnetic field are given by [24] 
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This lead to the   components of the electric field and the magnetic field at time   and time   
 

 
   

respectively which are given by [24] 
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By repeating and updating these calculations, all the six different vector components of the EM field 

can be calculated in space and time. All the EM field components are automatically interpolated to 

the origin of each mesh cell [25]. To increase the accuracy of the simulation without using a smaller 

mesh size, conformal mesh technology (CMT) is applied. The FDTD technique discretizes the 

structure into a Cartesian mesh. The discretized structure does not consider structure variations 

within the mesh cell. The CMT method solves the integral Maxwell's equations near the boundary of 

the structures. With the CMT, features inside a mesh cell can be taken into account. 

 

Figure 3.1 The mesh cell that is used to calculate all the six components of the EM field with the FDTD method. This picture 
is taken from [25]. 

The information of the shape and composition of the structures which are simulated is inserted in 

these calculations by the dielectric function   of the different materials. A source of the EM fields is 

inserted into the calculations by defining a desired current                      . The FDTD method is a time-

domain technique. This means that in a single calculation, the EM fields can be calculated at a wide 

range of frequencies [24]. The dispersive dielectric function      is obtained by fitting multi-

coefficient models through literature values of the dielectric constant and automatically generates a 

material model [25]. The FDTD simulations store the electric and magnetic fields at all mesh points 

within the simulation domain. A finite simulation domain has to be used to save computer memory 

and processing time. This is done by inserting boundaries into the simulation domain. In the FDTD 

simulations different boundary conditions can be used. In the FDTD simulation performed in this 

project, the perfectly matched layer (PML) boundary is used. This PML boundary absorbs all fields 

that comes in and prevents reflection from it. 
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3.1.2 FDTD simulation approach 
To improve the radiative properties of the QDs near the gold plasmonic nanoantennas, both the 

excitation enhancement factor              and the emission enhancement factor            of the 

QDs have to be improved. The total enhancement factor of the radiative properties of the QDs is 

given by [26] 

                               .       (3.6) 

To determine the total enhancement factor with the FDTD method, the complete system will not be 

simulated in a single simulation. The excitation and the emission of the system is simulated in two 

distinct simulation configurations.  

The excitation can be improved by increasing the electric field at the QD position. When the gold 

nanostructure is exposed by a light source, plasmonic effects in the gold can cause enhanced electric 

fields near the structure. This can increase the optical pumping of the QD in these regions and 

therefore enhance the excitation. The excitation enhancement factor              is defined as 

              
    

    
 ,         (3.7) 

where   is the electric field strength at the QD position at the presence of the gold plasmonic 

nanostructure en    is the electric field strength at the QD position without the gold structure. 

The emission can be improved by increasing the radiative decay rate    of the QD. Due to the 

presence of a properly designed gold structure near the QD, the quantum efficiency    (also called 

emission yield) of the QD can be improved. The quantum efficiency    gives the efficiency of the 

emission process. The quantum efficiency of the emitter at the absence of the gold nanostructure 

    is given by 

     
    

      
 

    

          
,        (3.8) 

where      and       are the radiative and the nonradiative decay rate of the isolated emitter 

respectively. The quantum efficiency of the emitter with the gold nanostructure    is given by [27] ] 

    
  

        
 

  

        
     
   

 
 

  
    

  
    

  
     
   

 
,      (3.9) 

where    and    are the total and radiative decay rate of the emitter coupled to the gold 

nanostructure. The emission enhancement factor            is defined as the ratio between the 

quantum efficiency of the coupled system and the quantum efficiency of the isolated emitter: 

              
  

   
 

  

                 
 

  
    

   
  
    

        
.    (3.10) 

The quantum mechanical decay rates   ,    and      of the emitter can be obtained with the FDTD 

simulations by calculating the classical power   that is radiated by a dipole placed at that location 

[24]. In the FDTD simulation the emitter is represented by a point dipole source. This point dipole 
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source is simulated by inserting a                       at the mesh cell(s) at the position of the emitter. The 

relation between the decay rate   and the radiated power   is given by 

 
 

    
 

 

  
          (3.11) 

where      is the radiative decay rate of the isolated emitter without gold structure and    is the 

radiated power of the isolated classical dipole source without the gold structure. The relationship of 

Eq. (3.11) is only valid when normalized quantities are used [29]. The total and radiative decay rate of 

the emitter coupled to the gold nanostructure    and    are obtained by 
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,          (3.13) 

where    is the total power emitted by the dipole source inserted into the simulation and    is the 

power which is radiated into the far field. The difference between    and    gives the power which is 

lost by Ohmic losses. In Fig. 3.2, the way to calculate both powers    and    is shown. Two detectors 

are used to calculate    and   . To obtain the total power    emitted by the dipole source, a closed 

box enclosing the cell with the                       is inserted which calculates the total power flux through it. To 

obtain the radiated power   , a closed box enclosing the whole system with the source and the gold 

nanostructure is inserted which again calculates the power flux trough it. The power flow through 

the closed surfaces is calculated by a surface integral of the Poynting vector    on the closed surface: 

           
 

 
,          (3.14) 

where     is the normal vector to the surface   and    is an infinitesimal part of the surface of the 

box. For a lossless system, both powers have to be the same,      , because of the law of energy 

conservation.  

 

Figure 3.2 The general setup that is used to calculate    and    in the simulation. The gold structure is schematically 
presented by the star. This picture is taken from [24]. 
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3.1.3 FDTD simulation setup 
The general method to calculate the excitation and emission enhancement factors with the FDTD 

technique is shown in the previous sections. In Fig. 3.3 and Fig. 3.4, the methods that are used to 

calculate the excitation and emission enhancement factor are shown respectively. 

 

Figure 3.3 Simulation setup that is used to calculate the excitation enhancement factor with the Lumerical FDTD software. 
Left: A x-z view of the structure. Right: a perspective view of the structure. The structure consists of a GaAs substrate 
(shown in purple), an AlGaAs layer (shown in green) and consists of a gold structure (shown in yellow). The interface 

between the AlGaAs and the gold is at    . A Total-field scattered-field (TFSF) source (shown in white) is used to excite 
the system. This incident field is a plane wave with the wave vector (shown in purple) normal to the injection plane. The 

polarization of the source (shown in blue) is in the   direction. The simulation region is defined by the orange box. The PML 
boundary is used which absorbs all the incoming fields and prevents reflection from it. A 2D monitor (shown in yellow) at 

         is used to determine the electric field underneath the gold structure. 

 

Figure 3.4 Simulation setup that is used to calculate the emission enhancement factor with the Lumerical FDTD software. 
Left: A x-z view of the structure. Right: a perspective view of the structure. The structure is the same as in Fig. 3.3. A point 

dipole source (shown in white) is used to excite the system. The polarization of the source (shown in blue) is in the   
direction.Two monitor boxes (shown in yellow) are used to determine power flow through it. A 2D monitor (also shown in 

yellow) is placed above the gold structure to determine the power flow which is radiated into the far field.  

The dispersive refractive indexes of gold (Au), GaAs and AlGaAs (with 40% of aluminium) that are 

used in the simulations can be found in [30] and [31]. Except for the refractive index of AlGaAs, these 

are standard included in the material database of Lumerical. The sources that are used in the 

simulations have an amplitude of         . A pulse is used with a centre frequency of          

(        ) and with a span of 150 THz. The maximum duration of the simulation is set to 1000 fs. 

The minimum number of mesh points per wavelength is between 18 and 34. Also mesh override 

regions are used to decrease the mesh cell size if necessary. The simulation will end when the total 

energy drops to      of the maximum energy injected. The conformal variant 1 is used as mesh 

refinement method. In this setting, Conformal Mesh Technology (CMT) is applied to all materials. 



22 
 

3.2 Excitation enhancement 

First the excitation enhancement will be discussed in this section. The general simulation setup that 

is used to perform these simulations is shown in Fig. 3.3. The position and the orientation of the 2D 

monitor is changed to study the electric field at different places. The parameters of the gold 

structure are changed to determine the optimal gold structure. 

3.2.1 Excitation field without gold plasmonic nanoantennas 
To determine the excitation enhancement factor of the QDs near the gold nanostructure the electric 

field strength that is calculated with the simulations has to be compared with the electric field 

strength at the same position without the gold nanostructure (see Eq. (3.7)). In these simulations, a 

TSFS source with an amplitude of       is used to excite the structure. The electric field strength at 

the position of the QDs (      below the surface of the AlGaAs) without the gold structure are 

analytically calculated with the following equations for the transmission and reflection amplitude 

coefficients [32]: 

       
  

  
 

   

     
,         (3.15) 

       
  

  
 

     

     
,         (3.16) 

where    is the angle of incidence of the light,    is the electric field strength of the incident light,    

and    are the electric field strength for the transmitted and reflected light respectively and    and 

   are the refractive indices of the media on the incident and the refracted side, respectively. The 

resulting amplitude coefficients for the air-AlGaAs interface are shown in Fig. 3.5. In the simulations 

an incident electric field of          is used. This means that the transmission amplitude 

coefficient and the electric field strength in the AlGaAs are the same. The values shown in Fig. 3.5 are 

used to determine the excitation enhancement factor             . The analytically calculated values 

of the amplitude coefficients shown in Fig. 3.5 correspond exactly to the values determined with the 

simulation program when no gold structure is used. 
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Figure 3.5 Left: The transmission and the reflection amplitude coefficients for the air-AlGaAs interface at normal incidence 
(    ) for different wavelengths of the incident light.  Right: The electric field strength    in the AlGaAs layer when a 
incident light source is used with electric field strength of      . The refractive indices that are used to calculate the 

amplitude coefficients are obtained from [31]. 
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3.2.2 Excitation enhancement at different places and frequencies 
As will be discussed in Chapter 4, the QDs are located       from the surface of the AlGaAs layer. To 

determine the effect of the gold plasmonic nanoantennas on the QDs, first, the electric field strength 

  is determined near (and under) a gold nanostructure with height         , antenna diameter 

                and aperture diameter                 . In Fig. 3.6, Fig. 3.7 and Fig. 3.8, the 

calculated electric near-field distributions underneath the gold structure at wavelengths          

(         ) and          (         ) are shown. In Fig. 3.9, the electric field strength   

as function of the wavelength of the excitation source is shown. In all these cases, an x-polarized 

plane wave source with amplitude       is used to excite the structure. 

 

Figure 3.6 Calculated electric field strength at the x-z plane (   ) underneath the gold nanostructure at a wavelength of 
         (left) and          (right). An x-polarized plane wave source is used as excitation light source. The values 

of the electric field are normalized to the source plane amplitude. The black lines show the edge of the gold nanostructure. 

 

Figure 3.7 Calculated electric field strength at          plane (      un the gold) at a wavelength of          (left) 
and          (right). An x-polarized plane wave source is used as excitation light source. The values of the electric field 

are normalized to the source plane amplitude. The black lines show the edge of the gold nanostructure. 
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Figure 3.8 The calculated electric field strength at          and     underneath the gold nanostructure at a 
wavelength of          (left) and          (right). An x-polarized plane wave source is used as excitation light 

source. The values of the electric field strength are normalized to the source plane amplitude. 
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Figure 3.9 The calculated electric field strength   as function of the wavelength at          and     (left) and at 
       ,          and     (right) underneath the gold nanostructure. An x-polarized plane wave source is used as 

excitation light source. The values of the electric field strength are normalized to the source plane amplitude. 

As can be seen in these pictures, electric field hotspots arise about       from the centre of the 

gold nanoantenna when a x-polarized source is used. These hotspots arise in the wavelength range 

between            as can be seen in Fig. 3.9. The electric field strength in the hotspots shows a 

peak at approximately          (         ) and          (         ) (see Fig. 3.9). 

These peaks can be ascribed to the dipole and the quadrupole resonant plasmon mode of the gold 

nanoantenna. The exact physical origin of the created hotspots at         and          is 

not clear. The origin of these hotspots could be explained by the coupling between the resonant 

plasmon modes and dielectric cavity modes like Fabry-Pérot modes at the interface between the gold 

and the AlGaAs layer. This phenomenon is, for example, described in [33] [34] [35]. The coupling 

between the resonant plasmon modes and the Fabry-Pérot modes could explain the reason why the 

hotspots only arise at the Au-AlGaAs interface and not at the Au-air interface and could explain the 

extraordinary confinement of the hotspots [34]. On the other hand, this phenomenon is mainly 

observed at much higher wavelengths (far in the infrared region) [34]. In addition to this, the 

separation between the hotspots is possibly too small to attribute the hotspots to the coupling 
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between the plasmon modes and the Fabry-Pérot modes and the absence of hotspots at the outer 

gold ring is also questionable. 

As can be seen in Fig. 3.6 and Fig. 3.7, around the edge of the gold nanoantenna the electric field 

strength is enhanced at some places. It is not completely clear if these "hotspots" are real physical 

phenomena or artefacts from the simulation. The fact is that the place and the strength of these 

"hotspots" change when the accuracy (mesh size) of the simulation is increased or decreased. At 

these places, the results of the simulation do not converge and a much smaller mesh size has to be 

used to solve this. This is not the case for the hotspots at         and         . These 

hotspots do not change when the mesh size is changed. 

To determine the excitation enhancement factor in the hotspots Eq. (3.7) and the initial electric field 

strength   values of Fig. 3.5 are used. The excitation enhancement factors in the hotspots are given 

by 

                       
     

     
   ,       (3.17) 
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3.2.3 Excitation enhancement for different gold parameters 
In this section, the effect of changing the dimensions of the gold nanostructure on the excitation 

enhancement factor of the hybrid structure is determined. First, the optimal thickness   of the gold, 

the optimal radius of the nanoantenna          and the radius of the aperture           are 

determined. After this, the influence of channels on the strength of the hotspots is simulated.  

For gold thicknesses ranging from       to       , the hotspots are located about       from the 

centre of the gold nanoantenna and the electric field strength in the hotspots shows a peak at 

approximately          (         ) and          (         ). In Fig. 3.10, the electric 

field strength located at the hotspot (        and    ) is shown for different gold thicknesses. 

The graph shows a maximum electric field at a gold thickness of          at a wavelength of 

         and a maximum gold thickness of          at a wavelength of          . 
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Figure 3.10 The electric field strength in the hotspots at a wavelength of          (         ) and          
(         ) for different gold thicknesses. The hotspots are located       from the centre of the gold nanoantenna for 
all gold thickness ranging from       to       . The electric field strength is measured       below the gold structure. 
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For different gold antenna radii ranging from       to       , the hotspots are still located around 

approximately       (with a spread of about      ) from the centre of the gold nanoantenna. The 

electric field strength in the hotspots shows a peak at different wavelengths for different 

nanoantenna radii. The relation between the nanoantenna radius and the wavelength of the electric 

field strength peak is shown in Fig. 3.11. As can be seen in this graph, the resonant behaviour of the 

gold nanoantenna is determined by the gold antenna radius. The peak positions can be tuned from 

         to          by changing the radius of the nanoantenna from         and 

        . The peak wavelengths show a linear behaviour as function of the radius of the 

nanoantenna. The number of peaks is not equal for different antenna radii. For example, for a gold 

nanoantenna with radius        three peaks in the electric field strength at the hotspot place are 

observed and for a gold nanoantenna with radius        only one real peak is observed, although 

small "shoulders" are observed in the graph of the electric field strength as function of the 

wavelength. These "shoulders" would fit perfectly in the graph and follows the linear behaviour of 

the real peaks. 
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Figure 3.11 The peak wavelength (the wavelength at which the electric field strength in the hotspots is maximum) as 
function of the radius of the gold nanoantenna. The hotspots are located       from the centre of the gold nanoantenna 

for all nanoantenna radii ranging from       to       . The electric field strength is measured       below the gold 
structure. To show the linearity of the peak wavelength for a large range of radii, linear fits are plotted through the data 

points.  

Also the influence of the aperture on the electric field in the hotspots is determined. For all different 

aperture radii, the hotspots are located about       from the centre of the gold nanoantenna. The 

electric field strength in the hotspots shows a peak at approximately          (         ) 

and          (         ). In Fig. 3.12, the electric field strength located at the hotspot 

(        and    ) is shown for different aperture radii. The graph shows that the electric field 

increases when the aperture radius decreases. When no aperture is used around the gold 

nanoantenna the electric field strength at the hotspot place decreases to           at a 

wavelength of          and decreases to           at a wavelength of         . As 

shown in Chapter 4, when a smaller aperture is used the gold nanoantenna has an elliptical shape. 

When the ellipticity of the nanoantenna is small, the change in the shape of the nanoantenna causes 

only small changes in the position of the hotspots and the resonant wavelength. 
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Figure 3.12 The electric field strength in the hotspots at a wavelength of          (         ) and          
(         ) for different aperture radii. The hotspots are located       from the centre of the gold nanoantenna for all 

aperture radii ranging from        to       . The electric field strength is measured       below the gold structure. 

To prevent a failed lift-off during the electron beam lithography procedure, the gold nanostructures 

were developed with two channels on both sides of the gold nanostructure. These two channels 

ensure that the acetone can reach and remove the PMMA resist underneath the gold. The effect of 

channels on the strength of the hotspots is shown in Fig. 3.13. In this graph both the cases of the 

channel directed parallel to the polarization of the source and the channel perpendicular directed to 

the polarization of the source are shown. As can be seen, the channels cause a small decrease in the 

electric field strength in the hotspots. 
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Figure 3.13 The electric field strength in the hotspots at a wavelength of          (         ) and          
(         ) when simulating gold structures that contain channels. The hotspots are located       from the centre of 

the gold nanoantenna. The electric field strength is measured       below the gold structure. 
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3.3 Fluorescence enhancement 

In this section, the emission enhancement will be discussed. The general simulation setup that is 

used to perform these simulations is shown in Fig. 3.4. The position and the orientation of the point 

dipole source is changed to study the effect of this on the emission enhancement factor. The 

parameters of the gold structure are changed to determine the optimal gold structure. 

3.3.1 Emission enhancement for different dipole source properties 
To determine the effect of the gold plasmonic nanoantennas on the emission of the QDs, first, the 

quantum efficiency and the emission enhancement factor are calculated for a point dipole source 

located       underneath the gold nanostructure with height         , antenna diameter 

                and aperture diameter                 . The spatial expansion of the QD is 

neglected. The QD is simulated by a point dipole source. This approach is valid when the enhanced 

emission rate is larger than the escape rate of the excitons. This condition is achieved when the 

enhancement is large. In Fig. 3.14, the computed quantum efficiency (  ) of the hybrid structure 

containing the plasmonic gold nanoantenna and the QD heterostructure is shown. In Fig. 3.15, the 

associated emission enhancement factors (          ) are presented. The    and the            are 

calculated with Eq. (3.9) and Eq. (3.10). The quantum mechanical decay rates   ,    and      of the 

emitter are obtained with the FDTD simulations by calculating the classical power   that is radiated 

by the total hybrid structure and by the point dipole source. The point dipole source is placed       

form the centre of the gold nanoantenna. This is due to the fact that the excitation hotspots are 

located at these positions as shown in section 3.2. Both    and            are calculated for 

different initial quantum efficiencies     and for the dipole oriented normally and tangentially with 

respect to the surface of the gold nanoantenna.  
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Figure 3.14 Calculated quantum efficiency (  ) as function of the wavelength of the point dipole source. The    is 
calculated for different initial quantum efficiency    . The point dipole source is placed        underneath the gold 

nanoantenna and       from the centre of the gold nanoantenna. Left: The dipole source is oriented tangentially to the 
surface of the gold nanoantenna (x-direction). Right: The dipole source is oriented normally to the surface of the gold 

nanoantenna (z-direction, see Fig. 3.4). 
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Figure 3.15 Calculated emission enhancement factor            as function of the wavelength of the point dipole source. 
The            is calculated for different initial quantum efficiency    . The point dipole source is placed        

underneath the gold nanoantenna and       from the centre of the gold nanoantenna. Left: The dipole source is oriented 
tangentially to the surface of the gold nanoantenna (x-direction). Right: The dipole source is oriented normally to the 

surface of the gold nanoantenna (z-direction, see Fig. 3.4). 

As shown in Fig. 3.14 and Fig. 3.15, for all resonant modes (dipole mode and higher-order multipole 

modes) the emission enhancement factor is maximum in the spectral range between        and 

      . In this spectral range the imaginary part of the dielectric constant of gold is small, which 

implies a small attenuation coefficient. The            depends strongly on the quantum efficiency 

of the emitter at the absence of the gold nanostructure    . This can clearly be seen from Eq. (3.10). 

The smaller the initial quantum efficiency is, the larger is the emission enhancement factor. When a 

quantum emitter is used with a low initial quantum efficiency it is possible to reach higher emission 

enhancement factors, this because of the fact that the gold nanoantenna can ensure a larger 

increase of the emission quantum efficiency. From Eq. (3.10), it follows that when an emitter has an 

initial quantum efficiency of         , the emission enhancement factor is always less than 1 

because of the fact that the total decay rate    is always larger than the radiative decay rate   . By 

definition, the    consists of the radiative decay rate    and the nonradiative decay rate    , which is 

induced by dissipative losses in the gold metal nanoantenna. Also the width of the plasmon-induced 

resonances in the emission enhancement factor depends on the initial quantum efficiency. The 

wavelengths at which the peaks arise are not affected by the initial quantum efficiency     of the 

emitter. In the remainder of this section, a small initial quantum efficiency of           is used 

to clarify and maximize the differences between different simulation setups. 

The coupling between the gold nanoantenna and the emitter (in this case a point dipole source) is 

also strongly dependent on the orientation of the dipole source relative to the gold nanoantenna. 

The emission enhancement factor is much larger for the dipole orientation normal to the gold 

nanoantenna surface than for the dipole orientation tangential to the surface. In the rest of this 

section, the emission enhancement factor is calculated for point dipole sources with orientation 

normal to the surface of the gold nanoantenna. In Appendix B, the results of the same simulations 

can be found when a dipole source with tangential orientation is used. 
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3.3.2 Emission enhancement for point dipole source at different places 
In this part, the effect of the position of the point dipole source relative to the gold nanoantenna on 

the emission enhancement factor is determined. In Fig. 3.16 and Fig. 3.17, the emission 

enhancement factors (          ) for different distances of the point dipole source from the centre 

of the gold nanoantenna. The point dipole source is placed       underneath the gold 

nanoantenna. In Fig. 3.17, the distances are larger than the gold nanoantenna radius and in these 

cases the dipole source is not positioned underneath the nanoantenna. 
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Figure 3.16 Left: calculated emission enhancement factor            as function of the wavelength of the point dipole 
source for different distances from the centre of the nanoantenna. The            is calculated for initial quantum 

efficiency          . The point dipole source is placed        underneath the gold nanoantenna. The dipole source is 
oriented normally to the surface of the gold nanoantenna. Right: the emission enhancement factor at the resonant 

wavelengths as function of the distance between the dipole source and centre of the nanoantenna.  
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Figure 3.17 Calculated emission enhancement factor            as function of the wavelength of the point dipole source for 
different distances from the centre of the nanoantenna. In these cases the distance is larger than the radius of the 

nanoantenna and the dipole source is not positioned underneath the gold nanoantenna. The            is calculated for 
initial quantum efficiency          . The point dipole source is placed        underneath the gold nanoantenna. The 

dipole source is oriented normally to the surface of the gold nanoantenna. 
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For different positions of the point dipole source, different plasmon-induced resonances contribute 

to the emission enhancement factor. The wavelengths at which the peaks arise are not affected by 

the position of the emitter. The resonance wavelengths are at          (         ), 

         (         ),          (         ) and          (         ). The 

magnitude and the width of the different plasmon resonances in the spectrum of the emission 

enhancement factor are affected when the position of the emitter is changed. The emission 

enhancement factor at these wavelengths are shown in the right of Fig. 3.16 for different positions of 

the dipole source. 

Another important parameter is the distance between the emitter and the gold nanoantenna. Fig. 

3.18 shows the relation between this distance between the emitter and the surface of the gold 

nanoantenna (   ) and the emission enhancement factor           . 
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Figure 3.18 Left: Calculated emission enhancement factor            as function of the wavelength of the point dipole 
source for different distances between the emitter and the gold nanoantenna surface. The            is calculated for 

initial quantum efficiency          . The point dipole source is placed        from the centre of the gold 
nanoantenna. The dipole source is oriented normally to the surface of the gold nanoantenna. Right: the emission 

enhancement factor at the resonant wavelengths          (         ) as function of the distance between the 
point dipole source and the surface of the gold nanoantenna. 

The distance between the emitter and the surface of the gold structure affect the magnitude and the 

width of the emission enhancement factor peaks. When the distance between the emitter and the 

gold surface is large, the interaction between the plasmonic gold structure and the emitter becomes 

smaller. When the distance becomes too small, the dissipative losses in the metallic nanoparticle 

become too large. Because of these phenomena an optimum for the emission enhancement factor 

can be reached. As shown in Fig. 3.18, this optimum is reached when the emitter is positioned 

approximately       underneath the gold nanoantenna. A small redshift of the emission 

enhancement factor peak at          (         ) is observed when the distance is increased. 

In the project, the QDs are located       underneath the gold nanoantenna, which as shown in Fig. 

3.18 is almost ideal. 
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3.3.3 Emission enhancement for different gold parameters 
In this section, the effect of changing the dimensions of the gold nanostructure on the emission 

enhancement factor of the hybrid structure is determined. First, the optimal thickness   of the gold, 

the optimal radius of the nanoantenna          and the radius of the aperture           are 

determined. After this, the influence of channels on the emission enhancement factor is calculated.  

For gold thicknesses ranging from       to       , the emission enhancement factor of an emitter  

located       from the centre of the gold nanoantenna and       underneath the surface of the 

gold nanoantenna is determined. In Fig. 3.19, the emission enhancement factor as function of the 

gold thickness of the gold nanoantenna is shown. The emission enhancement factor at the resonance 

wavelengths          (         ) and          (         ) is highest at a gold 

thickness around         . The emission enhancement factor at the resonance wavelengths 

         (         ) shows a peak at an antenna thickness around         . Also the 

width of the different plasmon resonances in the spectrum of the emission enhancement factor are 

affected when the thickness of the gold is changed, especially at the plasmon resonance at 

         (         ). 
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Figure 3.19 Left: calculated emission enhancement factor            as function of the wavelength of the point dipole 
source for different gold thicknesses. The            is calculated for initial quantum efficiency          . The point 

dipole source is placed        underneath the gold nanoantenna and       from the centre of the gold nanoantenna. The 
dipole source is oriented normally to the surface of the gold nanoantenna. Right: the emission enhancement factor at the 

resonant wavelengths as function of the gold thickness. 

For different gold nanoantenna radii ranging from       to       , the emission enhancement 

factor of an emitter  located       from the centre of the gold nanoantenna and       underneath 

the surface of the gold nanoantenna is determined. In Fig. 3.20, the emission enhancement factor as 

function of the radius of the gold nanoantenna is given. In the right of Fig. 3.20, the relation between 

the nanoantenna radius and the resonant wavelength of the hybrid structure is shown. As can be 

seen in this graph, the resonant behaviour of the gold nanoantenna is determined by the gold 

nanoantenna radius. The peak positions of the emission enhancement factor can be tuned from 

         to          by changing the radius of the nanoantenna from         and 

        . The resonant wavelengths show a linear behaviour as function of the radius of the 

nanoantenna. The magnitude and the width of the plasmon resonances changes as well for different 

radii of the gold nanoantenna. 
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Figure 3.20 Left: calculated emission enhancement factor            as function of the wavelength of the point dipole 
source for different gold nanoantenna radii. The            is calculated for initial quantum efficiency          . The 

point dipole source is placed        underneath the gold nanoantenna and       from the centre of the gold 
nanoantenna. The dipole source is oriented normally to the surface of the gold nanoantenna. Right: the resonant 

wavelengths as function of the gold antenna radius. To show the linearity of the resonant wavelengths for a large range of 
radii, linear fits are plotted through the data points. 

Also the influence of the aperture on the emission enhancement factor is determined. For different 

gold aperture radii ranging from        to       , the emission enhancement factor of an emitter  

located       from the centre of the gold nanoantenna and       underneath the surface of the 

gold nanoantenna is calculated. In Fig. 3.21, the emission enhancement factor as function of the 

wavelength for different radii of the gold aperture is shown. The graphs show that the emission 

enhancement factor increases when the aperture radius decreases. When no aperture is used 

around the gold nanoantenna the emission enhancement factor decreases to 97 at          

(         ). As shown in Chapter 4, when a smaller aperture is used, the gold nanoantenna has 

an elliptical shape. When the ellipticity of the nanoantenna is small, the change in the shape of the 

nanoantenna causes only small changes in the resonant wavelength and the magnitude and width of 

the emission enhancement factor. 

To prevent a failed lift-off process during the electron beam lithography procedure, the gold 

nanostructures were developed with two channels on both sides of the gold nanostructure. These 

two channels ensure that the acetone can reach and remove the PMMA resist layer underneath the 

gold. The effect of channels on the emission enhancement factor is shown in Fig. 3.22. As can be 

seen in these graphs, the channels cause only a small decrease in the emission enhancement factor. 

There is almost no difference between a parallel and a perpendicular configuration of the channels 

compared with the polarization direction of the light. 
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Figure 3.21 Left: calculated emission enhancement factor            as function of the wavelength of the point dipole 
source for different gold aperture radii. The            is calculated for initial quantum efficiency          . The point 

dipole source is placed        underneath the gold nanoantenna and       from the centre of the gold nanoantenna. The 
dipole source is oriented perpendicular to the surface of the gold nanoantenna. Right: the emission enhancement factor at 

the  resonant wavelength          (         ) as function of the gold aperture radius. 
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Figure 3.22 Left: calculated emission enhancement factor            as function of the wavelength of the point dipole 
source for gold structures with different channels. The            is calculated for initial quantum efficiency          . 

The point dipole source is placed        underneath the gold nanoantenna and       from the centre of the gold 
nanoantenna. The dipole source is oriented normally to the surface of the gold nanoantenna. Right: the emission 

enhancement factor at the  resonant wavelength          (         ) as function of the width of the channels for 
both a parallel and a perpendicular orientation of the channels. 

3.3.4 Far field calculations 
In Fig. 3.23 the calculated far field emission of a point dipole source located       underneath the 

gold nanoantenna and     ,       and        from the centre of the gold nanoantenna is shown. 

The gold nanostructure has a height of         ,an antenna diameter of                 and 

an aperture diameter of                 . The dipole source is oriented perpendicular to the 

surface of the gold nanoantenna. The far field is calculated at the plasmon resonance wavelengths at 

         (         ) and          (         ). As shown in Fig. 3.23 the emission is 

directed upwards for emitters located       and        from the centre of the gold nanoantenna. 
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For emitters located exactly at the centre of the gold nanoantenna, the emission is emitted in an 

angle of approximately    . In the setup two objectives with numerical aperture of        and 

       are used. These objectives can collect light that is emitted at an angle of     and     or 

less respectively. Therefore it is not possible to measure the emission of QDs located in the middle of 

the gold nanoantennas. This should be no problem because the hotspots are located       from the 

centre of the nanoantennas and the excitation and emission enhancement will be largest for QDs 

located at these spots. 

 

Figure 3.23 Far field emission of a point dipole source located       underneath the gold nanoantenna and       (upper 
left picture),      (upper right picture) and        (lower picture) from the centre of the gold nanoantenna. The dipole 

source is oriented normally to the surface of the gold nanoantenna. The far field is calculated at the plasmon wavelength at 
         (upper left picture),          (upper right picture) and          (lower picture).  
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Chapter 4 

Sample description and fabrication 

In this chapter, the hybrid structures which combine gold plasmonic nanoantennas and InAs/AlGaAs 

quantum dot heterostructures (InAs quantum dots embedded in an AlGaAs matrix) are discussed. 

The quantum dot (QD) heterostructures were fabricated by using molecular beam epitaxy (MBE) and 

were made by Ioffe Institute at Saint Petersburg. The gold nanostructures were fabricated by using 

electron beam lithography (EBL) and were made by Francesco Pagliano and Milo Swinkels. A 

schematic picture of the hybrid structure is shown in Fig. 4.1. Both growth techniques, MBE and EBL, 

will be discussed shortly in this chapter. 

 

Figure 4.1 Schematic representation of the gold plasmonic nanostructure (the orange part) together with the 
semiconductor heterostructure (green part).  

4.1 The quantum dot sample 

There are many different techniques to grow III-V compound semiconductor heterostructures. The 

self-assembled InAs/AlGaAs quantum dot heterostructures that are used in this project were grown 

by molecular beam epitaxy (MBE).  
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4.1.1 Molecular beam epitaxy (MBE) 
Molecular beam epitaxy (MBE) is an epitaxial growth method that is used to grow III-V compound 

semiconductor heterostructures. With MBE, it is possible to produce structures of compound 

semiconductor materials with thickness of (a few) monolayers [36]. A schematic picture of a general 

MBE growth chamber is shown in Fig. 4.2. The growth of materials happens under ultra-high vacuum 

conditions and the substrate is heated up to temperatures of several hundred of degrees Celsius 

[37]. The pure components of the desired compound semiconductor materials are heated in the 

effusion cells. This causes evaporation and sublimation of the pure materials and atoms are released 

in the MBE growth chamber. A flux of pure atoms hits the substrate and the atoms migrate over the 

heated surface until a vacant lattice site is reached. The composition of the grown layer can be 

determined by controlling the flux of the different pure elements and the temperature of the 

substrate [38]. Shutters can also be closed to shield some element fluxes. This is used to grow 

different compound semiconductor materials on top of each other.  

There are different techniques which can be used to determine the layer condition during the 

growth. One of these techniques (also shown in Fig. 4.2) is to check the reflection high-energy 

electron diffraction (RHEED) signal. With this technique, a high-energy electron beam is targeted 

onto the sample which gives a diffraction pattern caused by the large angle relative to the sample. 

The diffraction pattern gives information about the growth conditions and the sample quality. An 

extended summary of MBE is, for example, given by [36] and [38]. 

 

Figure 4.2 A schematic picture of a MBE growth chamber. This picture is taken from [36]. 
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4.1.2 The quantum dot heterostructure 
There are two different samples with InAs/AlGaAs quantum dot (QD) heterostructures used in this 

project. These samples are referred to as sample 813 and sample 824. In Fig 4.3 sample 813 is 

schematically shown. Both samples consist of a n-type GaAs substrate with on top of it a GaAs buffer 

layer of       . For the 813 sample, an AlAs barrier layer of       was grown on top of this GaAs 

buffer layer. Sample 824 does not have an additional AlAs barrier layer. On top of that, an AlGaAs 

layer was grown with an aluminium concentration of    . At this concentration, the bandgap of 

AlGaAs is direct. Above the critical aluminium concentration of     the band gap of AlGaAs is not 

direct anymore [39]. On top of this AlGaAs layer, an InAs layer was deposited which form the 

quantum dots and the wetting layer. The InAs quantum dots are grown in the Stranski-Krastanow 

growth mode. The quantum dot density is in the order of          . After this the quantum dots 

were capped with an Al0.4Ga0.6As layer of      . In this way, the InAs quantum dots are embedded 

in the AlGaAs matrix. Finally, both samples were covered with a GaAs layer between        and 

       thick to prevent oxidation of the AlGaAs layers. In both the 813 sample and the 824 sample 

the quantum dots are located roughly       underneath the sample surface. 

 

Figure 4.3 Schematic picture of the layer structure of sample 813. The InAs quantum dot layer (quantum dots plus wetting 
layer) is presented with the green/yellow layer and is embedded in the AlGaAs matrix. The difference between sample 813 

and sample 824 is the presence of the AlAs barrier layer. 
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4.2  The gold nanostructure 

The gold plasmonic nanoantennas, which are grown on top of the InAs/AlGaAs quantum dot 

heterostructures, are used to increase both the excitation and the emission of the InAs/AlGaAs 

quantum dots. These gold structures were grown by electron beam lithography (EBL).  

4.2.1 Electron beam lithography (EBL) 
Electron beam lithography (EBL) is a lithography method that is used in this project to deposit gold 

structures on the InAs/AlGaAs quantum dot heterostructures. With EBL, it is possible to produce gold 

features that are only a few nanometres in size [40]. The EBL procedure consists typically of six steps. 

A schematic picture of these steps is shown in Fig. 4.4. First the sample is cleaned with an oxygen-

plasma. After this, a resist layer is deposited on the sample. There are two types of resists that can be 

used, positive and negative resists. For positive resists, during the development, the illuminated area 

is removed whereas for negative resists, the inverse occurs [41]. To grow the gold nanostructures in 

this project the positive resist PMMA (polymethylmethacrylate) was used. After deposition of the 

resist layer, it is illuminated by an electron beam. A mask is used to make the patterns on the resist 

layer. Subsequently, the illuminated parts of the resist layer are removed. Now the wanted pattern is 

formed with the resist layer. At this stage, the gold is deposited on the sample. Finally, the remaining 

resist layer is removed with acetone during the lift-off procedure and the gold pattern is finished. An 

extended summary of EBL is, for example, given by [40] and [41]. 

 

Figure 4.4 Schematic picture of the six steps of the electron beam lithography (EBL) process. 
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4.2.2 The gold structure 
In Fig. 4.5 a schematic picture of the gold nanostructure is shown. Both nanostructures with and 

without an antenna are fabricated. With the help of the simulations described in Chapter 3, the 

optimal thickness   of the gold and the optimal diameter of the antennas          and the holes 

      are determined. 

 

Figure 4.5 A schematic picture of the top view and the side view of the gold structure that is used in this project.  

During the first batch of fabricated gold nanostructures, the lift-off procedure failed. In this EBL 

procedure, a        PMMA resist layer is used to fabricate a gold layer of thickness       . In this 

case, the resist layer underneath the gold layer could not be removed completely. This is caused by 

the fact that the gold capped the resist layer and the acetone could not reach all the PMMA resist 

underneath the gold structure. Because of this, instead of holes there were hills of gold of about 

       high. Two scanning electron microscopy (SEM) images of these failed gold structures are 

shown in Fig. 4.6. 

 

Figure 4.6 Two scanning electron microscope (SEM) images of the first batch of gold nanostructures. As can be seen in 
these pictures, the lift-off procedure failed. 

To prevent a failed lift-off procedure, the gold nanostructures shown in Fig. 4.5 were developed with 

two channels on both sides of the gold nanostructure. These two channels ensure that the acetone 

can reach and remove the PMMA resist underneath the gold. Simulations (which are shown in 

Chapter 3) were done to determine the effect of the channels on the hotspots and the effect of the 

channels on the emission of the quantum dots near the gold nanostructures. As shown in Chapter 3, 

the effect of these channels is small. In Fig. 4.7 a SEM image of the second batch of fabricated gold 

nanostructures is shown. 
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Figure 4.7 A scanning electron microscope (SEM) image of the second batch of gold nanostructures. The channels are used 
to improve the lift-off procedure. 

In the second batch of fabricated gold nanostructures, the gold layer thickness is between       

and      . As shown in Chapter 3, with this gold layer thickness, the excitation and the emission of 

the quantum dots underneath the antenna is largest. Also the chance to fail the lift-off procedure is 

smaller when using a thinner layer of gold. A PMMA resist layer of        is used during the EBL 

procedure. In Fig. 4.8 and Fig. 4.9, SEM images of the different gold nanostructures that are 

fabricated in the second batch are shown. 

 

Figure 4.8 Scanning electron microscope (SEM) images of the second batch of gold nanostructures. The spacing aside the 
antenna is different for different gold nanostructures. Spacings of about       ,       ,        and         are used. 

The channels are used to improve the lift-off procedure. 
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Figure 4.9 Scanning electron microscope (SEM) images of the second batch of gold nanostructures. Four different hole sizes 
are fabricated, holes with diameters of about       ,       ,        and        . The hole in this picture has a 

diameter of       . The channels are used to improve the lift-off procedure. 

Both holes with antennas and holes without antennas are fabricated. Four different hole sizes are 

used, holes with diameter of about       ,       ,        and        . The gold nanoantennas 

have a diameter of        in all cases. The width of the channels is in the order of       . The 

different gold antennas are separated from each other by      . As can be seen in Fig. 4.8, 

especially for the small holes with diameter of       , the holes have an elliptical shape instead of a 

perfect circular shape. The influence of this shape on the plasmonic behaviour of the gold 

nanoantennas is small, as discussed in Chapter 3.  
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Chapter 5 

Experimental setup 

In this chapter, the experimental setups that are used in this project are described. First the basic 

principles of the main components of the photoluminescence (PL) setup and the basic concepts of 

the confocal microscope are discussed. After this, the two setups that are used to measure the PL of 

the quantum dot heterostructures are discussed. 

5.1 Photoluminescence measurements 

As described in Chapter 2, quantum dots (QD) are often referred to as artificial atoms because 

electrons and holes in the QD are only allowed to occupy some discrete energy levels. This is caused 

by the fact that the electrons and holes in the QDs are confined in all three directions. The discrete 

energy levels of the QDs are determined, among others, by the size, the shape and the composition 

of the QDs. To measure the photoluminescence (PL) of the QDs, these properties can be determined.  

The PL measurements are preformed with an objective which is used for both excitation and 

collection of the PL at the same time. The magnification and the numerical aperture (NA) are the two 

important parameters of the objective. The magnification of the objective determines the focussing 

of the light and determines the spot size. The numerical aperture of the objective is a dimensionless 

number that determines the range of angles over which the objective can gather light. Therefore the 

numerical aperture determines the light collection and the resolution of the objective. 

The QD density of sample 813 and 824 is in the order of          . To distinguish the PL of 

individual QDs the spatial resolution has to be high. In principle, the spatial resolution of the setup is 

limited by the diffraction limit and is constrained by the wavelength of the light   and the numerical 

aperture of the objective   . The light cannot converge to a spot with radius smaller than [42] 

   
 

   
.          (5.1) 

At the same time, this means that the setup cannot resolve two objectives located closer to each 

other than this radius. To focus the light onto the QDs and to collect the QD PL signal, diffraction 

limited optics has to be used.  

To reach a high spatial resolution the principle of a confocal microscope is used. In Fig. 5.1 the basic 

concepts of the confocal microscope is shown. The high spatial resolution is caused by a pinhole 

which eliminates the PL signal that is out of focus, both laterally and vertically. Only the PL signal 
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emitted exactly at the place in focus of the objective is passed through the pinhole. In the setup used 

in this research, the opening of the fiber is used as pinhole. Although the spot size is at the diffraction 

limit, the QD density is still large enough to illuminate a lot of QDs. 

 

Figure 5.1 Schematic picture of the basic concepts of a confocal microscope. The objective both focuses the light onto the 
sample and collects the PL signal from the sample at the same time. A pinhole is used to eliminate the PL signal that is out 

of focus. This picture is taken from [10]. 

The photoluminescence spectrum is recorded by a monochromator. The monochromator disperses 

the light with a diffraction grating. The dispersed light is imaged onto a detector. The resolution of 

the monochromator depends on the distance between the grating and the detector, the number of 

grooves per millimetre on the grating and the size of the pixels in the detector. The resolution of the 

image becomes larger when the distance between the grating and the detector becomes larger, 

when the number of grooves on the grating increases and when the pixel size decreases. The 

detector is cooled with liquid nitrogen to suppress the background thermal noise. In Fig. 5.2, a 

schematic picture of the inside of the monochromator is shown. It is also possible to combine more 

than one monochromator to increase the spectral resolution of the image. 
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Figure 5.2 Schematic picture of the inside of the monochromator.  

5.2 The photoluminescence setup 

In this research, two different characterization PL setups are used, which only differ in a few details. 

The principal of both characterization PL setups is the same. The main difference between both 

setups is the way the laser light and the PL signal is transported. In the first PL setup the laser light 

and the PL signal is coupled into a single mode fiber which transports the laser light to the setup and 

the PL signal to the monochromator. This configuration is shown in Fig. 5.3. In the second PL setup, 

the laser light and the PL signal is transported by using gold mirrors. 

To suppress unwanted thermal background noise the QD sample is inserted in a flat window 

continuous-flow KONTI-cryostat of CryoVac in which the temperature is controlled between 4K and 

room temperature with a CryoVac TIC 304-MA temperature controller. The cryostat is cooled down 

using a liquid helium flow. The sample is mounted onto the cold finger of the cryostat with cryogenic 

high vacuum grease. This vacuum grease causes a good thermal contact between the sample and the 

cold finger. Three stepper motors are used to position the sample in the  ,   and   direction. The 

three stepper motors can be controlled by the computer. 

To excite the QD samples five different laser sources are used. Four different laser diodes are used 

emitting at        with a maximum laser output of      , emitting at        with a maximum 

laser output of      , emitting at        with a maximum laser output of      and emitting at 

       with a maximum laser output of        Also a Titanium:Sapphire ring laser emitting at a 

variable wavelength between        and        with a maximum laser output of at least      is 

used. 

The excitation and collection of the PL signal is done with two different objectives, a 20x Mitutoyo 

plan Apo NIR infinity corrected objective which has a magnification of 20x and a numerical aperture 

of      and a 100x Mitutoyo plan Apo NIR infinity corrected objective which has a magnification of 

100x and a numerical aperture of     . To split the beam, 50/50 beam splitters or 90/10 beam 
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splitters are used, as shown in Fig. 5.3.  A camera is used to look at the laser spot on the sample. 

Lenses are used to couple the light into and out the fiber and focuses the light into the entrance slit 

of the monochromator. High pass filters and band pass filters are used to block the laser light before 

the light enters the monochromator. Neutral density filters are used to decrease the power of the 

laser light. 

An Acton SP-2500i monochromator is used to measure the PL signal. This monochromator is used 

with three different diffraction gratings, the diffraction gratings have    ,     and      grooves per 

millimetre. The monochromator that is used has two different detectors which can be used to image 

the spectrum, a Si CCD detector and an InGaAs array detector. The detection range of the Si CCD 

detector is             and the detection range of the InGaAs array detector is           . To 

image the PL spectra the InGaAs array detector is used which is cooled down to       . The 

WinSpec32 software is used to analyse the PL spectrum recorded by the detector. 

 

Figure 5.3 Schematic picture of the characterization PL setup. This picture is made by Korneel Ridderbeek.   
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Chapter 6 

Results PL measurements 

In this chapter the results of the photoluminescence (PL) experiments on the 813 sample and the 824 

sample are presented. To increase this QD PL signal, the gold nanostructure that is described in 

Chapter 4 is grown on top of the 824 sample. The effect of the gold nanoantenna on the excitation 

and the emission of the quantum dot heterostructure is numerically calculated and presented in 

Chapter 3. The impact of gold nanoantennas on the PL signal of the QD heterostructures is tried to be 

demonstrated in this chapter. In the first section, the PL spectra of both samples are shown for 

different excitation wavelengths. Also the PL spectrum after the gold deposition is shown. It turns 

out that the QD PL signal is reduced and is changed substantially after the gold deposition. Despite 

this, the enhanced QD PL signal under and near the gold nanoantennas is tried to be measured. The 

results of these measurements are shown in the second section of this chapter.  

6.1 PL measurements sample 813 and sample 824 

In Fig. 6.1 to Fig. 6.3 typical PL spectra are shown of sample 813 and sample 824. The spectra in Fig. 

6.1 to Fig. 6.3 are generated by exciting the samples with a laser diode emitting at      ,       

and       respectively.  
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Figure 6.1 Typical PL spectrum of sample 813 (left) and sample 824 (right) generated by exciting the sample with a laser 
emitting at      . The spectra are taken at a temperature of   . 
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Figure 6.2 Typical PL spectrum of sample 813 (left) and sample 824 (right) generated by exciting the sample with a laser 
emitting at      . The spectra are taken at a temperature of   . 
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Figure 6.3 Typical PL spectrum generated by exciting both sample 813 and sample 824 with a laser emitting at      . Both 
samples show the same spectrum when excited at this wavelength. The spectrum are taken at a temperature of   . 

In these PL spectra different features can be distinguished. The peak around          is probably 

generated by the AlGaAs layer. The exact position of this peak is determined by the aluminium 

fraction   of the AlxGa1-xAs and the temperature. To estimate the bandgap energy of the AlxGa1-xAs 

the following equation is used [43]: 

                      
  

            

     
   ,     (6.1) 

where   gives the aluminium fraction of AlxGa1-xAs and   the temperature in Kelvin. As can be seen in 

Fig. 6.1 and Fig. 6.2, this AlGaAs PL peak is at a slightly higher wavelength at sample 813 compared to 

sample 824 (         and          respectively). These values are slightly higher than 

expected (         from the estimation of Eq. (6.1) and       and     ). This is probably 

caused by a smaller aluminium fraction   in AlxGa1-xAs or by a small difference in temperature   of 

the samples during both measurements. 
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The quantum dot emission arises over a large range between          and         . The 

quantum dot PL peaks of sample 813 are centered around         , while the QD PL peaks of 

sample 824 are centered around         . The wetting layer is assumed to be located below 

        . Because of this, excitons in the wetting layer cannot be excited when a laser is used 

emitting at a higher wavelength. This is the reason why the spectrum of Fig. 6.3 (where the sample is 

excited with a laser emitting at      ) does not show any QD PL peaks. It has also been tried to 

excite the QDs near resonantly with a laser diode emitting at      . To excite the QDs resonantly, 

two polarisers are used to filter out the backscattered laser light. In all the measurements with laser 

excitation at resonant wavelength, no QD PL signal was measured. In the second section of this 

chapter, it is tried to excite the QDs at resonant wavelengths with the aid of the gold nanoantennas. 

The origin of the peak around          is the GaAs buffer layer and the n-type GaAs substrate. 

The bandgap energy of pure GaAs at    is given by Eq. (6.1) with     and gives         . The 

n-type doping in the substrate causes the bandgap to shrink. Because of this, the peak is located at a 

higher wavelength (        ) and is relatively broad. Also a sharp reabsorption peak is observed 

around         . This reabsorption peak corresponds to the bound exciton in the GaAs. Photons 

created in the substrate and buffer layer are reabsorbed by these bound exciton states. This 

reabsorption peak is caused by the fact that the excitation power is relatively high and the GaAs is 

saturated. The exciton binding energy in GaAs is         [44]. Therefore the bound exciton 

wavelength in GaAs is expected to be at            and that is slightly lower than what is 

observed. This difference is caused by the finite temperature at which the PL measurements are 

done. With the position of this reabsorption peak and Eq. (6.1) the real temperature of the sample 

can be determined. It turns out with these calculations that the temperature of the sample is higher 

than set with the temperature controller. The temperature of the sample reaches sometimes 

temperatures above     instead of   . This is probably caused by the fact that the sample is not in 

good thermal contact with the cold finger of the cryostat. 

As shown in Fig. 6.1 to Fig 6.3, the intensity of the GaAs peak increases when the wavelength of the 

excitation laser increases. This is caused by the fact that the transmittance of the Al0.4Ga0.6As layer 

increases drastically for larger excitation wavelength. The transmittance as function of the excitation 

wavelength is shown in Appendix C. As can be seen in this graph, for both sample 813 and sample 

824, above         , 100% of the laser light is transmitted through the Al0.4Ga0.6As layer. Below 

        , 0% of the laser light is transmitted and the GaAs buffer layer cannot be reached. 

During the PL measurements the QD PL changes slowly in time. In Appendix C, two PL spectra of the 

same spot are shown, five minutes after each other. As can be seen, some new QD peaks appear and 

some other QD peaks disappear. This time dependency is caused by vibrations generated by the 

vacuum pump. These vibrations lead to sample drifts. Furthermore, condensation of water was 

sometimes observed on the sample during the cooling down procedure. This condensed water can 

influence the PL measurements. Especially the measurements on the gold nanoantennas can be 

influenced because the refractive index of water is different than from vacuum and this can affect 

the hotspots of the gold nanoantenna. 

The gold nanostructures were deposited on sample 824. The QD PL peaks of sample 824 are 

centered around         . Around this wavelength both the excitation and the emission 

enhancement are strong in the hotspots of the gold nanoantennas as shown in Fig. 3.9 and Fig. 3.15. 



50 
 

After the gold deposition, the QD PL signal near the gold structures is changed substantially. In an 

area of about one centimeter around the gold structure the PL spectrum shows only a few QD peaks 

at once and the intensity of the QD PL is reduced. Two typical spectra of the QD heterostructure near 

the deposited gold are shown in Fig. 6.4. There are also regions where no QDs are observed or where 

the intensity of the QD PL is very low. The sample is excited with sample with a laser emitting at 

      with a power of      . This power is far beyond the saturation point of the QDs. This means 

that when the excitation power changes, the QD PL intensity does not change. Therefore the 

reduction of the QD PL signal is not caused by the power of the excitation source.  

Far away from the deposited gold, the PL spectrum is not changed and strong QD PL can be 

measured. The difference between the PL spectrum far away and close to the gold structures is 

shown in Fig. 6.5. To investigate the reason of this change and to explore the area where the QD PL is 

changed, four scans are preformed over the sample near the gold structures. In Fig. 6.6 the way 

these scans are performed is shown. During these scans the PL spectrum is measured every     . At 

every point, the PL spectrum is measured between          and          (two examples of 

these spectra are shown in Fig. 6.5). The results of these four scans are shown in Fig. 6.7. As can be 

seen in these pictures, a few millimetre around the gold structure the QD PL is reduced drastically. In 

the region around the gold structure only a few QD PL peaks are measured. On the other hand, far 

away from the gold the number of measured QDs is so high that the separate QD PL peaks are no 

longer distinguishable.  

This reduction of the QD PL intensity could be caused by the scanning electron microscope (SEM). 

Pictures of the gold structures were made with the SEM to see if the gold deposition did not fail. 

Examples of these pictures are shown in Fig. 4.6 to Fig. 4.9. During the production of an image with 

the SEM, the surface is scanned with a focussed beam of electrons. These electrons had at most an 

energy of        . Because the QDs are located only       below the surface of the sample, these 

high energized electrons can easily reach the QDs and are possibly responsible for the reduction of 

the QD PL signal. This could also explain the reason why there is such a large area around the gold 

where the QD PL is reduced. Another explanation of this reduction could be one of the steps of the 

EBL procedure. All these steps are performed over the whole sample, except for the development 

process (which only happens at places where the gold has to be deposited). Because of this, it is not 

likely that one of these processes causes the reduction. Furthermore it is possible that there was 

already an area with less active QDs and inhomogeneities on the sample. This is very unlikely 

because the PL spectra was measured at different places on sample 824 before the gold deposition 

(Fig. 6.1 and Fig 6.2) and such a large area with less active QDs was never observed. 
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Figure 6.4 Two typical PL spectra of sample 824 near the deposited gold generated by exciting the sample with a laser 
emitting at       with a power of      . The spectra are taken at a temperature of   , using a 20x objective and 

measured at an  integration time of   .  
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Figure 6.5 Two PL spectra of sample 824, more than one centimetre away from the deposited gold (black spectrum) and 
one close to the deposited gold (red spectrum), both generated by exciting the sample with a laser emitting at      . In 

both cases, the same integration time of   , excitation power of     , filters and focus of the laser light are used. The 
spectra are taken at a temperature of   , using a 100x objective.  
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Figure 6.6 Schematic picture of the way the scans are executed. The red lines with arrows show the way and the direction 
of the scan. Every      a PL spectrum between          and          of the sample at that point is measured. The 
results of these measurements are shown in Fig. 6.7. The distance between line 1 and line 2 is     . The distance between 

line 3 and line 4 is     .   
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Figure 6.7 The results of the four scans which are shown schematically in Fig. 6.6. From the upper right to the bottom left 
the results of scan 1 to scan 4 are given in succession. The pictures show the intensity of the PL between          and 
         for every measure point of the scan (two examples of such spectra are given in Fig. 6.5). The distance between 

every measure point is     . The number of steps differs for different scans because every scan has a different path 
length. The red dashed lines show the point where the scan reaches the gold structure or the point closest to the gold 

structure.  
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6.2 PL measurements at gold nanoantennas 

Despite the fact that the QD PL signal is reduced near the gold structure and only a few QDs can be 

observed when an excitation spot of approximately       is used, we tried to measure the PL signal 

of QDs under and near the gold nanoantennas. The results of these measurements are shown in this 

section. 

First the gold nanoantennas are excited with a laser diode emitting at       and the 

Titanium:Sapphire ring laser emitting at       . Before the gold deposition, the  

QDs could not be excited resonantly. The calculations given in Chapter 3 show that the gold 

nanoantennas are resonant at these wavelengths and that the excitation can be enhanced more than 

20 times in the hotspots of the gold nanoantennas. The results of these PL measurements are shown 

in Fig. 6.8. As can be seen in these PL spectra, no QD PL is observed. Even with a high excitation 

enhancement in the hotspot regions of the gold nanoantennas and exciting at the resonant 

wavelength of the QDs, no QD PL is detected.  

To excite the QDs resonantly, two polarisers are used to filter out the backscattered laser light. 

Despite this, a large background signal at the same wavelength as the laser is observed. This is 

probably caused by scattering events which arise because of the surface roughness and 

contaminations at the surface. The large background signal makes it more difficult to investigate the 

PL spectrum close to the laser wavelength. 

A possible reason why the QDs cannot be excited resonantly can be found in the literature 

[45][46][47][48]. It has been reported that the resonant excitation of QDs can be quenched due to 

the presence of trapped charges in the vicinity of the QDs [46]. This trapped charges in the QDs cause 

a Coulomb blockade which can block the resonant excitation completely. This problem can be solved 

by illuminating the sample with a low power nonresonant laser [46][47] (for example a He-Ne laser 

[45][48]). The nonresonant laser neutralizes the QDs and remove in this way the Coulomb blockade. 

This leads to unsuppressed resonant QD PL signal. It could be a follow-up experiment to excite the 

QDs resonantly and use a nonresonant laser at the same time to remove the Coulomb blockade. 
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Figure 6.8 Two PL spectra measured when focussing a laser diode emitting at       (left) and with the Titanium: Sapphire 
ring laser emitting at       (right) on the gold nanoantenna. The spectra are taken at a temperature of   , using a 20x 

objective and measured at an integration time of    . 
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Due to the fact that the QDs cannot be excited at the resonant wavelengths of the gold 

nanoantenna, it is not possible to increase both the excitation and the emission of the QDs with the 

gold nanoantennas. The hotspots of the gold nanoantennas cannot be used to excite the QDs.  

As described above, QD PL is only observed when excitation wavelengths below the wetting layer are 

used. When laser light is used with wavelengths below          to excite the gold nanostructure, 

no hotspots arise under the gold nanoantenna. At these wavelengths, the EM field only penetrates 

the surface around the gold nanoantennas (where no gold is deposited). Only the QDs that are 

located more than        of the centre of the gold nanoantenna can be excited. In these cases, no 

excitation enhancement will take place and the EM field at the QD locations is roughly as strong as 

when no gold structure is used. 

To investigate if the gold nanoantennas cause some emission enhancement, the nanoantennas are 

excited with a laser diode emitting at      . In this case, only QDs around the gold nanoantennas 

are excited. In almost all cases no QD PL signal is observed. In these PL spectra only the GaAs peak is 

observed. An exception to this are a few PL spectra that are measured where the QD PL intensity is 

much higher than the measured spectra without any gold nanoantenna. These spectra are shown in 

Fig. 6.9. In these cases, the QD PL peak intensities are roughly 2 to 4 times larger than the QD PL peak 

intensities observed on the sample without gold (shown in Fig. 6.4). 

In Fig. 6.10, two PL spectra are shown which are obtained by exciting the gold apertures without 

nanoantenna with a laser diode emitting at      . The PL spectra show in almost all cases again no 

QD PL signal. In the few cases where some QD PL peaks are observed, the intensity of these QD PL 

peaks is in the same order as the intensity of the QD PL peaks observed on the sample without gold 

structure (see Fig. 6.4 and Fig. 6.10). The circumstances of the measurement shown in Fig. 6.4, Fig 6.9 

and Fig 6.10 are the same. Because, only a few PL spectra of the gold nanoantennas show QD PL 

peaks, it is difficult to explain the enhancement that is observed and it is impossible to do any 

statistics on it (which could involve statistics both on the wavelength and the intensity of the peaks). 

The large QD PL intensities that are shown in the two upper spectra in Fig. 6.9 can be caused by the 

emission enhancement induced by the gold nanoantenna. As shown in Fig. 3.17 and Fig. B.2, the QD 

emission in this wavelength range can be enhanced for QDs at the edge of the gold nanoantenna. On 

the other hand, it is also possible that the high intensity of the QD peak is caused by optical strong 

QDs or that the focus in these PL measurements was favourable. But because the PL measurements 

on the gold nanoantennas almost never show a QD PL peak, it is difficult to give the reason for these 

exceptional results. 
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Figure 6.9 Three PL spectra measured when focussing the laser on the gold nanoantenna. The spectra are generated by 
exciting the sample with a laser emitting at       with a power of      . The spectra are taken at a temperature of   , 
using a 20x objective and measured at an  integration time of   . The two upper spectra show QD PL peaks. In all the other 

PL spectra measured on the gold nanoantennas only the GaAs peak is observed. In some rare cases only a very small QD 
peak is observed as shown in the bottom spectrum. 
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Figure 6.10 Two PL spectra measured when focussing the laser on the gold aperture without gold nanoantenna. The spectra 
are generated by exciting the sample with a laser emitting at       with a power of      . The spectra are taken at a 

temperature of   , using a 20x objective and measured at an  integration time of   . In some rare cases (    ) only very 
small QD peaks are observed as shown these spectra. In all the other PL spectra measured on the gold apertures only the 

GaAs peak is observed. 
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Chapter 7 

Conclusion and outlook 

In this chapter, the results of the numerical calculations and the results of the PL measurements are 

summarized and compared. Problems which arise during the experiments are discussed and ideas 

and recommendations for future experiments are suggested.  

7.1 Conclusion 

The main goal of this research is to realize single quantum dot (QD) emission. This can be realized by 

combining QD heterostructures with gold plasmonic nanostructure. When excited by a laser, the gold 

nanoantenna creates hotspots of EM fields underneath the nanodisk. The gold plasmonic 

nanoantennas are grown on top of an InAs/AlGaAs QD heterostructure. The hotspots of the gold 

plasmonic nanoantennas will be used to increase the excitation of the InAs/AlGaAs quantum dots. 

Because these hotspots are only tens of nanometres in diameter, it is possible to lower the number 

of quantum dots that will be excited. Also the emission of the InAs/AlGaAs QDs located in the 

hotspots of the gold nanoantennas is increased.  

7.1.1 Simulations 
The excitation enhancement and the emission enhancement of QDs in the hotspots of the gold 

nanostructure are calculated. These hotspots arise in the wavelength range between        and 

      . The electric field strength in the hotspots shows a peak at approximately          and 

        . These peaks can be attributed to the dipole and the quadrupole resonant plasmon 

mode of the gold nanoantenna. The excitation enhancement in the hotspots was determined and 

turned out to be    and    when using laser light with wavelength          and          

respectively. Also around the edge of the gold nanoantenna the electric field strength is enhanced at 

some places. These "hotspots" are very likely artefacts from the simulation, because the position and 

the strength of the "hotspots" changes a lot when different mesh grids are used. 

The emission enhancement for point dipole sources in the hotspot area is maximum in the spectral 

range between        and       . The emission enhancement depends strongly on the quantum 

efficiency of the emitter at the absence of the gold nanostructure. When the initial quantum 

efficiency increases, the emission enhancement factor decreases. The coupling between the gold 

nanoantenna and the emitter is also strongly dependent on the orientation of the dipole source 

relative to the gold nanoantenna. The emission enhancement factor is the largest when the dipole 

orientation is normal to the gold nanoantenna surface. For different positions of the point dipole 
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source, different plasmon-induced resonances are excited. The wavelengths at which the resonances 

arise are not affected by the position of the emitter. The resonance wavelengths are at         , 

         and         . The magnitude and the width of the different plasmon resonances 

are affected when the position of the emitter is changed. 

The electric field strength located at the hotspot and the emission enhancement factor show a 

maximum at a gold thickness of          at a wavelength of          and at a gold thickness 

of          at a wavelength of          . The resonance behaviour of the gold nanoantenna 

is determined by the gold antenna radius. The resonant wavelength can be tuned from          

to          by changing the radius of the nanoantenna from         and         . The 

resonance wavelengths show a linear behaviour as function of the radius of the nanoantenna. The 

electric field strength in the hotspots and the emission enhancement factor increase when the 

aperture radius decreases. 

7.1.2 Experiments 
During the fabrication of the first batch of gold nanostructures, the lift-off procedure failed. To 

prevent a second failed lift-off procedure, the gold nanostructures were developed with two 

channels of        on both sides of the gold nanostructure. The effect of these channels on the 

excitation and emission enhancement factor is small. Also the gold thickness is reduced to       to 

increase the chance of a successful lift-off procedure. Both holes with nanoantennas and holes 

without nanoantennas are fabricated. This is done to compare the PL results of both gold structures. 

After the gold deposition, the QD photoluminescence (PL) signal near the gold structures is changed 

substantially. In an area of about one centimetre around the gold structure the PL spectrum shows 

only a few QD peaks at once and the intensity of the QD PL is reduced. Far away from the deposited 

gold, the PL spectrum is not changed. This reduction of the QD PL intensity is probably caused by the 

scanning electron microscope (SEM). Pictures of the gold structures were made with the SEM to see 

if the gold deposition did not fail. 

Despite the fact that the QD PL signal is reduced near the gold nanostructure and only a few QDs are 

observed when an excitation spot of approximately       is used, the enhanced QD PL signal under 

and near the gold nanoantennas was tried to be measured. First the gold nanoantennas were 

resonantly excited with a laser light emitting at a wavelength between       and       . In these 

cases, as before the gold deposition, no QD PL signal is observed. Even with a higher excitation 

enhancement in the hotspot regions and exciting at the resonant wavelength of the QDs, no QD PL 

signal is observed. It turned out that the QDs can only be excited with excitation wavelength below 

        . In this case, no hotspots arise under the gold nanoantenna and only QDs located 

around the gold nanoantenna can be excited. Due to the fact that the QDs cannot be excited at the 

resonant wavelengths of the gold nanoantenna, it is not possible to increase both the excitation and 

the emission of the QDs with the gold nanoantennas.  

To investigate if the gold nanoantennas cause some emission enhancement, the gold nanoantennas 

are excited with a laser emitting at      . In almost all cases no QD PL signal is observed. An 

exception to this are a few PL spectra that are measured where the QD PL intensity is about 2 to 4 

times higher than the QD PL intensity without any gold nanoantenna. Because only a few PL spectra 

show QD PL peaks, it is difficult to explain this enhancement and it is impossible to do some statistics 
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on it. The exceptionally large observed QD PL peaks can be caused by the emission enhancement 

induced by the gold nanoantenna. As the simulations show, the QD emission can be enhanced for 

QDs at the edge of the gold nanoantenna. On the other hand, it is also possible that the high 

intensity of the QD peaks is caused by optical strong QDs or that the focus in these PL measurements 

was favourable. 

7.2 Outlook 

The main goal of this research is to realize single QD emission by combining QD heterostructures 

with gold plasmonic nanostructures. Despite some interesting numerical and experimental results, 

this is not yet reached. Furthermore some problems and questions have risen as well. In this section, 

a few proposals are done for future experiments and some examples of follow-up steps are given. 

 To both increase the excitation enhancement and the emission enhancement of the QDs 

with the gold nanoantennas, it is important that the QDs can be excited at the resonant 

wavelength of the gold nanoantenna. The resonant wavelength of the gold nanoantenna is at 

a spectral range between          and         . QD heterostructures have to be 

used which show QD PL signal at these wavelengths. It could be a follow-up experiment to 

excite the used QD heterostructure resonantly and use a low power nonresonant laser (for 

example a He-Ne laser) at the same time to remove the possible Coulomb blockade. The 

illumination of the sample with a low power nonresonant laser solved the quenching of the 

QDs in [45][48]. 

 The reason for the reduction of the QD PL intensity has to be investigated. The most likely 

reason for this is the SEM, with which the gold deposition was checked. This can be 

investigated by using the SEM on a sample of which the PL spectrum is known and measure 

the PL spectrum after the SEM treatment. 

 The gold nanostructure in this project were grown by electron beam lithography (EBL). It is 

also possible to use different nanofabrication techniques to deposit the gold on the QD 

heterostructure. For example, in [49], a new nanofabrication technique is used that applies 

planarization, etch back and template stripping to expose the excitation hotspots at the 

surface. With this method, huge improvements of the optical performance of the plasmonic 

nanoantennas are reached. 

 After the above mentioned improvements are implemented, statistics (which could involve 

statistics both on the wavelength and the intensity of the peaks) can be done on the hybrid 

structure containing the nanoantenna and the QDs. The QD PL spectra measured at gold 

nanoantennas can then be compared with the QD PL spectra at gold apertures without a 

nanoantenna. Also different nanoantenna radii can be used to see the influence on the QD 

PL signal. As described in Chapter 3, the resonant behaviour of the gold nanoantenna is 

determined by the radius of the nanoantenna. The resonant wavelength can be tuned from 

         to          by changing the radius of the nanoantenna. The influence of the 

gold nanostructure on the QD PL spectrum can be determined by comparing the PL spectra 

measured for gold nanoantenna with different radii. 

 Furthermore, it is possible to try other gold nanostructure with different shapes and length 

scales to create hotpots at different positions, at different wavelengths and with different 
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excitation and emission enhancements. The excitation and emission enhancement of the 

new structures can be numerically investigated in the same way as shown in Chapter 3. 

 It would also be interested to investigate the found "hotspots" shown at the edge of the gold 

nanoantenna are real hotspots or only artefacts of the simulations. This can, for example, be 

done by excite the gold nanoantenna with a laser emitting at         . At this 

wavelength, no hotspots underneath the gold are created but the simulations still shows 

some "hotspots" at the edge of the gold nanoantenna. In this way, the increase in QD PL 

would be caused by QDs at the edge of the gold nanoantenna. 
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Appendix A 

A.1 Derivation of      and    of a metal 

The dielectric constant      of a metal can be derived by the plasma model or Drude model [16][18]. 

This model assumes that the metal is formed by positively charged ions where negatively charged 

electrons move freely through these positive charged cores. When a electric field                

is applied the free electrons in the metal start to oscillate. The equation of motion for electrons in 

the metal is given by 

  
   

   
   

  

  
       ,        (A.1) 

where   is the mass of the electrons,   is the damping rate and   is the charge of the electrons. The 

solution of this differential equation is 

      
 

         
    .         (A.2) 

When the negatively charged electrons move relatively to the positively charged atom cores this 

generates a macroscopic polarization 

               
   

         
    .       (A.3) 

When the material is linear, isotropic and non-magnetic the electric displacement is given by 
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The dielectric function of a metal is then given by 

        
   

     
      

   
  
 

      
   

  
 

  
  

   
 

  
,    (A.5) 

where the plasmon frequency   
  

   

   
 is introduced. The second approximation in Eq. (A.5) is only 

valid when the damping rate   is taken to be small. When the frequency is large or the damping rate 

  can be neglected the dielectric function becomes real and is given by 

        
  
 

  
.          (A.6) 
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A.2 Derivation of the dispersion relation of SPP 

For the derivation of the dispersion relation of surface plasmon polaritons (SPP) a infinity interface 

between a metal and a dielectric material is used with dielectric constant    and    respectively. The 

interface is set to     and transverse-magnetic (TM) waves that propagate in the x-direction are 

used to derivate the dispersion relation. As shown in [16], SPPs cannot exist in transverse electric (TE) 

modes and only exist in TM modes. In Fig. A.1 the configuration that is used in this derivation is 

shown.  

 

Figure A.1 Configuration that is used to derivate the dispersion relation of surface plasmon polaritons. The interface is set 
to     and the TM wave is propagating in the x direction (    ). This picture is taken from [18]. 

The TM waves that propagate along the x direction can be expressed as follows (with       the 

TM waves in the dielectric material and in the metal respectively) 

                    
                 ,       (A.7) 

                  
                 .       (A.8) 

Gauss's law and Ampère's law in the absence of charges (   ) and currents (    ) are respectively 

given by 

             ,          (A.9) 

           
     

  
.         (A.10) 

With these equations and by using the TM waves propagating along the   direction (given by Eq. 

(A.7) and Eq. (A.8)) one finds 

                 ,         (A.11) 

                 ,         (A.12) 

                 ,         (A.13) 

                 .         (A.14) 
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The components of the electric and magnetic fields parallel to the interface must be continuous, so 

              and               [21]. Combining this with Eq. (A.11) and Eq. (A.12) one finds 

 
  

  
 

    

    
.          (A.15) 

When there is no net surface charge at the interface, the normal component of the electric 

displacement has to be continuous, so           or              . This implies together with 

Eq. (A.13) and Eq. (A.14) that 

             .         (A.16) 

The wave vector that is used in Eq. (A.7) and Eq. (A.8) for both the metal and the dielectric material 

can be written as 
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Combining Eq. (A.15), Eq. (A.16) and both Eq. (A.17) and Eq. (A.18) gives 
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This gives the dispersion relation of surface plasmon polaritons: 
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Appendix B 

B.1 Emission enhancement for parallel polarization 
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Figure B.1 Left: calculated emission enhancement factor            as function of the wavelength of the point dipole source 
for different distances from the centre of the nanoantenna. The            is calculated for initial quantum efficiency 
        . The point dipole source is placed        underneath the gold nanoantenna. The dipole source is oriented 

tangentially to the surface of the gold nanoantenna. Right: the emission enhancement factor at the resonant wavelengths 
as function of the distance between the dipole source and centre of the nanoantenna. 
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Figure B.2 Calculated emission enhancement factor            as function of the wavelength of the point dipole source for 
different distances from the centre of the nanoantenna. In these cases, the distance is larger than the radius of the 

nanoantenna and the dipole source is not positioned underneath the gold nanoantenna. The            is calculated for 
initial quantum efficiency         . The point dipole source is placed        underneath the gold nanoantenna. The 

dipole source is oriented tangentially to the surface of the gold nanoantenna. 
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Figure B.3 Calculated emission enhancement factor            as function of the wavelength of the point dipole source for 
different distances between the emitter and the gold nanoantenna surface. The            is calculated for initial quantum 

efficiency         . The point dipole source is placed        from the centre of the gold nanoantenna. The dipole 
source is oriented tangentially to the surface of the gold nanoantenna. 
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Figure B.4 Left: calculated emission enhancement factor            as function of the wavelength of the point dipole source 
for different gold thicknesses. The            is calculated for initial quantum efficiency         . The point dipole 

source is placed        underneath the gold nanoantenna and       from the centre of the gold nanoantenna. The dipole 
source is oriented tangentially to the surface of the gold nanoantenna. Right: the emission enhancement factor at the 

resonant wavelengths as function of the gold thickness. 
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Figure B.5 Left: calculated emission enhancement factor            as function of the wavelength of the point dipole source 
for different gold nanoantenna radii. The            is calculated for initial quantum efficiency         . The point 

dipole source is placed        underneath the gold nanoantenna and       from the centre of the gold nanoantenna. The 
dipole source is oriented tangentially to the surface of the gold nanoantenna. Right: the resonant wavelengths as function 

of the gold antenna radius. To show the linearity of the resonant wavelengths for a large range of radii, linear fits are 
plotted through the data points. 

600 650 700 750 800 850 900

500 461 428 400 375 353 333

0

1

2

3

4

5

Frequency (THz)

 r = 250 nm

 r = 330 nm

 r = 370 nm

 r = 450 nm

E
F

e
m

is
s
io

n

Wavelength (nm)

250 300 350 400 450

3,0

3,5

4,0

4,5

5,0

5,5

E
F

e
m

is
s
io

n

Radius aperture (nm)
 

Figure B.6 Left: calculated emission enhancement factor            as function of the wavelength of the point dipole source 
for different gold aperture radii. The            is calculated for initial quantum efficiency         . The point dipole 

source is placed        underneath the gold nanoantenna and       from the centre of the gold nanoantenna. The dipole 
source is oriented tangentially to the surface of the gold nanoantenna. Right: the emission enhancement factor at the  

resonant wavelength          (         ) as function of the gold aperture radius. 
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Figure B.7 Left: calculated emission enhancement factor            as function of the wavelength of the point dipole source 
for gold structures with different channels. The            is calculated for initial quantum efficiency         . The 

point dipole source is placed        underneath the gold nanoantenna and       from the centre of the gold 
nanoantenna. The dipole source is oriented tangentially to the surface of the gold nanoantenna. Right: the emission 

enhancement factor at the  resonant wavelength          (         ) as function of the width of the channels for 
both a parallel and a perpendicular orientation of the channels. 
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Figure B.8 Far field emission of a point dipole source located       underneath the gold nanoantenna and       (upper 
row),      (middle row) and        (lower row) from the centre of the gold nanoantenna. The dipole source is oriented 
tangentially to the surface of the gold nanoantenna. The far field is calculated at the plasmon wavelength at           

(upper left picture) and          (upper right picture),           (middle left picture) and          (middle right 
picture) and         (lower left picture) and          (lower right picture). 
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Appendix C 

C.1 Transmittance through AlGaAs layers 
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Figure C1 Transmittance through two Al0.4Ga0.6As layers with thickness       and        (the thicknesses of the 
Al0.4Ga0.6As layers in sample 813 and sample 824). The values of the transmittance are taken from [31].  

C.2 Time dependency of the quantum dot spectrum 
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Figure C2 Two QD PL spectra of the same spot of sample 824 excited with a laser emitting at       . The black spectrum 
was taken first. The red spectrum was taken five minutes later. 


