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ABSTRACT 

Electron Energy Loss Spectroscopy and Optical Properties of Plasmonic 

Nanostructure 

by 

Yang Cao 

      Plasmon is considered to be the incompressible self-oscillation of conducting 

electrons in small nanoparticles. A classical spring model could be used to describe 

plasmon’s behavior. Many different techniques have been applied to understand 

nanostructure’s plasmonic properties. Electron energy loss spectroscopy (EELS) is 

one of these tools, which is helpful for us to understand the interaction between fast 

moving electrons and nanomaterials. It could achieve very high spatial and energy 

resolution. Here, we develop a new finite-difference time-domain method to 

calculate EELS spectra and maps, which is based on a commercial software package 

“Lumerical”. The calculated results for different cases are compared with the well-

known boundary element method (BEM) and show an excellent agreement. Our 

finite-difference time-domain (FDTD) method to calculate EELS spectra has further 

been proven really helpful by high-density plasmonic dimers’ experimental results. 

    There are basically two different numerical techniques. One is based on finite 

difference method (FEM) and another is according to finite-difference time-domain 

method (FDTD). Both of them are very important to perform optical calculations in 



nanophotonics and plasmonics area. In general, they will try to solve Maxwell 

equations with many different boundary conditions numerically.  

    Optical properties of nanomaterials are also very tremendous for us to 

understand plasmonics behavior in the external electromagnetic fields. We 

systematically performed FEM simulations for different dimensions’ split ring 

structure and identified each plasmon mode via induced charge plot. Later we also 

studied hollow Au Nanoshells: hollow Au-Ag Nanoshell and hollow Au-Co Nanoshell. 

The former showed the surprising in vivo instability in the near infrared region 

while the later has potential application in hot electron generation. 
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Chapter 1 

Introduction 

Plasmonics and nanophotonics have many interesting optical and electronic 

properties in current research area. Many different numerical techniques have been 

applied to simulate their optical reactions as shown in the experiment. These 

techniques may include: finite-difference time-domain method (FDTD), finite 

element method (FEM), boundary element method (BEM), discrete dipole 

approximation (DDA) etc. Regarding each method’s advantage and disadvantage, 

both FDTD and FEM could solve arbitrary systems even without symmetry. 

However, FDTD restricts to Cartesian coordinates, which may meet with difficulties 

facing complicated geometries in some complex boundary conditions. The good 

thing for FDTD is that it could be implemented to run on the high performance-

computing server via message passing interface (MPI). On the other hand, FEM is 
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more flexible in discretization. For instance, in three-dimensional space, it could not 

only use cube as basic element but also tetrahedron, hexahedra etc. These different 

discretization techniques will make it more convenient to solve such complex 

geometries. For BEM, it only discretizes two-dimensional surfaces. Besides these 

numerical methods mentioned above, there are also other analytical methods. Mie 

theory is one of the most important theoretical methods to deal with scattering and 

absorbing of light by small nanoparticles. Comparing with other numerical methods, 

Mie theory’s calculation is much faster. To reach the same accuracy, Mie theory 

usually takes a few seconds. Nevertheless, it could only be used for spherical 

symmetrical systems. 

Electron energy-loss spectroscopy (EELS) is one of the most important techniques 

used to detect plasmon’s properties. By strong interaction between fast moving 

electrons and nanoparticle, the loss energy of electrons will be converted into 

nanostructure’s plasmon energy, exciting different plasmon modes and enabling us 

to know more characteristics of certain nanomaterials. A lot of previous work and 

research has been put into calculating EELS spectra, such as DDA, FEM and so on. 

However, these methods have the following disadvantages: first, they couldn’t solve 

the problem when electron beam penetrates the nanostructure; second, the system 

is often restricted to symmetrical one; third, supporting substrates effects often will 

be negligible. Here, we develop a novel technique to calculate EELS spectra and 

maps based on FDTD method. It could solve the penetrating case. At the meantime, 

the system we focused could have arbitrary geometry, not necessarily to be 

symmetric. This EELS-FDTD method has been implemented in a finite-difference 
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time-domain package and verified to be very useful and convenient for different 

cases. This technique has further been applied in the following case: high-density 

two-dimensional homo- and hetero- plasmonic dimers with universal sub-10-nm 

gaps. Great agreement between experimental and simulated EELS spectra further 

proved our new method’s feasibility in real application. 

Optical properties of nanomaterial are also very interesting to understand the 

interaction between photon and plasmonics. By using stretchable colloidal 

lithography (SCL), split-ring resonators (SRRs) have been fabricated in a very large 

scale. By calculating the optical spectra of SRRs, all of the different bright plasmon 

modes have been identified. Perfect agreement has been shown between UV-vis-NIR 

measurement and FEM calculations. By controlling O2 RIE (Reactive ion etching) 

time, SRRs’ dimension and gap distance could be changed. FEM calculations have 

also performed to see each of those parameters’ influence. Finally, theoretical 

results show the same blue shift and intensity decreasing effects as shown in the 

experiments. Later, we also applied a simple standing-wave model to explain why 

SRRs could have so many and distinguished modes. 

Nanomaterial has also a great application in bio-medical area. Hollow Au-Ag 

nanoshell is a very popular nanoparticle in cancel therapy area. By using Bruggeman 

effective medium theory (EMT), we have found the plasmon resonance peak would 

maintain at near-infrared(IR) region  no matter how we change the particle’s 

dimensions. Further FEM calculations have shown porosity plays a very important 

role controlling resonance peak’s position. Besides, inhomogeneous broadening 
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seen in the transmission electron microscopy (TEM) is due to the porosity 

difference of each nanoshell in the ensemble. On the other hand, hollow Au-Co 

nanoshell could be used as a damping material. Here EMT has also been applied 

combined with Mie theory to discover the damping effects generated by Cobalt. 

The thesis will be organized as follows: In Chapter 2, a novel EELS-FDTD method 

will be introduced. We will discuss about the theoretical formalism this method is 

based upon. Then we will talk about the configuration and model building in this 

finite-difference time-domain package. Later, we will compare different methods, 

such as BEM, DDA, Mie and EELS-FDTD and show the EESL-spectra. In order to 

further investigate different plasmon modes, we will also plot EELS-map’s figure 

using EELS-FDTD method. Finally, we will also compare EELS-FDTD method with 

the experimental results on high-density plasmonic dimers’ structure. In Chapter 3, 

a new fabrication technique called SCL will be introduced. We will talk about using 

this technique to fabricate SRRs in very large areas. Later, the optical spectra will be 

verified by FEM calculations. Mode analysis will also been mentioned to explain the 

meaning of peaks at different wavelength. In Chapter 4, EMT will be discussed in 

details regarding a mixture of different materials. FEM calculations will show that 

Au-Ag nanoshell’s resonance can be maintain in the NIR region. Mie theory 

calculations support Cobalt will introduce damping factor in Au-Co nanoshell. In 

Chapter 5, the conclusion of the thesis will be made. 
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Chapter 2 

FDTD-EELS Method and Application 

2.1. Introduction 

Energy-loss spectroscopy could use many different kinds of particles to measure. 

Applying fast moving electrons is one of those techniques, which had been firstly 

used to detect surface plasmons in metals.1–3 EELS could help us to reach a very high 

spatial resolution, which is less than 1 nm.4,5 This is due to the fact that electron 

could be generated at a very high speed during the experiment, which is 

approximately half of the speed of light. So electron will have a very small de Broglie 

wavelength. Meanwhile, EELS would also achieve high energy resolution. In most 

cases, it is smaller than 0.1 eV.6,7 EELS is a very important tool to detect all the 

plasmon modes, even if dark surface plasmon modes.8–10 Therefore, EELS has been 

widely used to discover optical properties of very complicated nanostructures. A lot 
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of different EELS simulations have been worked out recently due to its popularity in 

the optical community, such as BEM,11 FDTD,12 FEM,9 and DDA.13 These methods 

could calculate EELS spectra and compare with the experimental results. However, 

many disadvantages may happen, such as non-penetrating cases,13–15 symmetrical 

structures13,14 and complex coding techniques.12 So when met with some complex 

geometries in the experiments, such as asymmetrical structure with supported 

substrates, optical light excitation and near field calculation have been used to 

approximate EELS properties.8,9,16,17 Here we provide a more robust and user-

friendly method to simulate EELS spectra, called “EELS-FDTD”.18 This method is 

mainly based on a finite-difference time-domain software package “Lumerical”.19 It 

is very convenient even for those researchers who have less programming 

experiences.  

2.2. Principle, theory and simulation set up   

The nature of EELS theory has been extensively discussed in many papers.1,4 Simple 

physical images could be considered as following: a fast moving electron beam will 

generate radiated electromagnetic field, which would polarize the nanostructures 

nearby. The polarized nanostructures will in turn generate induced field to prevent 

electron beam from moving. In this process, energy loss will be produced which 

would transfer to nanoparticle’s plasmon energy according to the energy 

conservation principle. Basically, we could write the energy loss as the following 

mathematical form4 



7 
 

 

∆𝐸𝐸𝐸𝐿𝑆 = 𝑒∫𝒗 ∙ 𝑬𝑖𝑛𝑑[𝒓𝒆(𝑡), 𝑡]𝑑𝑡 = ∫ ℏ𝜔Γ𝐸𝐸𝐿𝑆(𝜔)𝑑𝜔
∞

0

 

Equation 2.1 – Electron energy loss. 

Here, 𝑒 is the electron charge unit, i.e. 1.602 × 10−19𝐶. 𝑬𝑖𝑛𝑑 is named the induced 

field, generated by the polarized nanostructure. 𝒓𝑒 is electron’s motion path vector. 

Γ𝐸𝐸𝐿𝑆 could be calculated in the following way 

Γ𝐸𝐸𝐿𝑆(𝜔) =
𝑒

𝜋ℏ𝜔
∫𝑅𝑒{𝑒−𝑖𝜔𝑡𝒗 ∙ 𝑬𝑖𝑛𝑑[𝒓𝑒(𝑡),𝜔]}𝑑𝑡 + Γ𝑏𝑢𝑙𝑘(𝜔) 

Equation 2.2 – Energy loss probability. 

It is called energy loss probability per unit of frequency 𝜔.4 Another term Γ𝑏𝑢𝑙𝑘 on 

the right side of the equation is called bulk loss probability.4 For the simplicity of the 

physics, we neglect bulk loss term. Meantime, any arbitrary current distribution 

could generate the following electric field20 

𝑬[𝒓(𝑡),𝜔] = −4𝜋𝑖𝜔∫𝑮(𝒓, 𝒓′, 𝜔)𝒋(𝒓′, 𝜔)𝑑𝒓′ 

Equation 2.3 – Generalized electric field by Green function 
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So we can treat generalized electric field as the integration of Green tensor in 

Maxwell’s equations. More details could be got from solution of the following 

equation 

[−∇ × ∇ × +𝜀(𝒓,𝜔)
𝜔2

𝑐2
] 𝑮(𝒓, 𝒓′, 𝜔) =

1

𝑐2
𝛿(𝒓 − 𝒓′)𝑰 

Equation 2.4 – Green tensor Maxwell’s equation 

Besides, we know electron current density could be written in the following way4 

(Here, we assume the electron beam travels in the x-z plane, perpendicular to x-axis. 

It has a distance of b away from the origin. We define this distance to be the impact 

parameter) 

𝒋(𝒓′, 𝜔) = −𝑒𝛿(𝑥 − 𝑏)𝛿(𝑦)𝑒𝑖𝜔𝑧/𝑣𝒛̂ 

Equation 2.5 – Electron current density 

So equation 2.2 could be further simplified as4 

Γ𝐸𝐸𝐿𝑆(𝜔) =
4𝑒2

ℏ
∬ cos⁡[

𝜔(𝑧 − 𝑧′)

𝑣
] × 𝐼𝑚[−𝐺𝑧𝑧

𝑖𝑛𝑑(𝑧, 𝑧′, 𝜔)]𝑑𝑧𝑑𝑧′
+∞

−∞

 

Equation 2.6 – Energy loss probability written by Green function 

What’s more, Green tensor 𝐺𝑧𝑧
𝑖𝑛𝑑  has the following relationship with the z component 

of induced electric field 𝐸𝑧
𝑖𝑛𝑑  
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𝐺𝑧𝑧
𝑖𝑛𝑑(𝑧, 𝑧′, 𝜔) = −

1

4𝜋𝜔2

𝐸𝑧
𝑖𝑛𝑑(𝑧, 𝜔)

𝑝(𝑧′, 𝜔)
 

Equation 2.7 – Relation between induced Green tensor and induced field 

With all of above, we could further write energy loss probability as 

Γ𝐸𝐸𝐿𝑆(𝜔) =
𝑒2

𝜋ℏ𝜔2
∬ 𝑐𝑜𝑠⁡[

𝜔(𝑧 − 𝑧′)

𝑣
] × 𝐼𝑚[

𝐸𝑧
𝑖𝑛𝑑(𝑧, 𝜔)

𝑝(𝑧′, 𝜔)
]𝑑𝑧𝑑𝑧′

+∞

−∞

 

Equation 2.8 – Scalar form of energy loss probability in our configuration 

In the formula above, we only need the imaginary part of induced field but no need 

of real part. In the finite-difference time-domain package, we just need to calculate 

the z component of induced electric field at each dipole source position. Detailed 

configuration could be seen in figure 2.1. Figure 2.1(a) schematically shows fast 

moving electron beam’s field distribution. Figure 2.1 (b) illustrates total electric 

field’s calculation when placing nanostructure with a distance of “b” away from 

electron beam. Figure 2.1 (c) tells background electric field’s calculation by 

removing all the structures. Figure 2.1 (d) is the FDTD simulation configuration, 

showing the following items: (i) Simulation domain enclosed by perfectly matched 

layer (PML) (ii) Electric dipole source notation (In “Lumerical”, dipole source is used 

to mimic electron beam’s behavior) (iii) 1D monitor along z direction to record 

electric field’s information (iv) Arbitrary nanostructure (v) Override mesh imposed 

on metallic nanostructure.  
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Figure 2.1 – Configuration to calculate EELS spectra.  

If electron beam trajectory doesn’t penetrate nanostructure, we only need to apply 

the total field to calculate EELS spectra instead of induced field. This is due to the 

fact that electron will not lose energy in the vacuum. However, in every case, we 

trend to use induced field to perform calculation because of FDTD’s finite accuracy 

issue. Because of its user-friendly interface, we choose a commercial software 

“Lumerical” (Version 8.9.163) to perform electromagnetic field calculation based on 

classical Maxwell equation as following,21  

∇ ∙ 𝑬 =
𝜌

𝜀0
 

∇ × 𝑬 = −
𝜕𝑩

𝜕𝑡
 

∇ ∙ 𝑩 = 0 

∇ × 𝑩 = 𝜇0𝑱 + 𝜇0𝜀0
𝜕𝑬

𝜕𝑡
 

Equation 2.9 – Differential form of Maxwell equations in vacuum 
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The calculation started by setting a simulation domain box for 3D geometry. PML 

boundary conditions have been set in every direction to absorb all lights near the 

boundary.22 At the meantime, we add an override mesh around the structures to 

further improve the numerical accuracy. Electric dipole has been put in every mesh 

grid point along electron’s moving trajectory. Then we sweep electric dipole’s 

position from bottom to top of the simulation box. For each dipole position, we use 

1D monitor to record all the z component of electric field along electron’s trajectory. 

In order to get the induced electric field, “two-steps” calculations have been 

provided according to figure 2.1 (b-c). Firstly total electric field has been calculated, 

and then we got the background electric field by getting rid of the samples. Finally, if 

we subtracted background electric field from total electric field, induced electric 

field could be obtained. For the special case when electron beam goes through 

nanostructure, we need to calculate background electric field by putting electric 

dipole in the medium full of nanostructure’s materials. For example, if gold 

nanoparticle has been used, we need to calculate the electric field by putting dipole 

in the “sea” of bulk gold. However, if we do this in the real case, simulation will take 

forever since dispersive material goes beyond PML and numerical convergence 

becomes very slowly. Then if skin effects have been considered for perfect metal, we 

only need a finite volume of bulk metal to calculate the special background field. Due 

to the skin effects, electric field inside the metal will decay very quickly. As long as 

we get the induced field, we could calculate EELS spectra based on equation 2.8. 

This could be done in some post-processing stage.18 Here, we applied 2D trapezoid 

numerical integration technique in MATLAB to get the results. There is also another 
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advantage using this EELS-FDTD method: if we meet with the same geometry except 

different electron beam energy, we could easily get each corresponding EELS 

spectra in the post-processing stage within seconds. Meanwhile, FDTD calculation 

has been paralleled in this software package, which will fasten our calculations 

greatly. 

2.3. EELS-FDTD numerical results 

We applied our EELS-FDTD method to the following different cases: (i) Non-

coupling system (ii) Strongly coupled system (iii) System supported by substrates. 

Meantime, comparisons have been made between EELS-FDTD method with other 

well-known methods such as Mie theory and BEM method. Before we go into further 

details of numerical calculations, major materials dielectric functions will be shown 

in the figure 2.2 below. Figure 2.2 (a) dotted lines give both real and imaginary parts 

of gold obtained from experimental Johnson and Christy data.23  

 

Figure 2.2 – Dielectric function of metals 
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Figure 2.2 (b) dotted lines show the dielectric function of silver obtained from Palik 

data.24 Figure 2.2 (c) dotted lines show the dielectric function of chromium again 

obtained from Palik.24 In all cases of figure 2.2 (a-c), solid lines are FDTD numerical 

fitting curves based on multi-coefficient models (MCMs). We could find excellent 

agreement between fitting curve and experimental tabulated data.  

2.3.1. Non-coupling system 

 

Figure 2.3 – Different methods EELS spectra for gold sphere 
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We consider the simplest case: single gold nanosphere in vacuum. The sphere’s 

diameter is 160 nm. Johnson and Christy experimental data23 has been used to 

model gold sphere’s dielectric function. Besides, since this system is axial 

symmetric, BEM method could also be very convenient to implement. What’s more, 

analytical Mie theory25 could be applied to deal with spherical symmetric system. So 

we will compare three different numerical results: (i) FDTD (ii) BEM (iii) Mie, which 

could be seen in figure 2.3 above. However, when electron beam penetrates the gold 

sphere, Mie theory is not valid. Here we will focus on the novel FDTD method.  

 

Figure 2.4 – Gold sphere EELS spectra’s convergence test 
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Many convergence tests have been performed before the optimized parameters are 

found as shown in figure 2.4. Figure 2.4 (a) shows the simulation domain size and 

monitor’s length effects, and we could see 1500 nm length of monitor is well enough 

to get converged result. Mesh accuracy is a discretized parameter to choose ranging 

from 1 to 8.19 Mesh accuracy correlates to points per wavelength(ppw). If we want 

to simulate within an energy region e.g. 1~3 eV, wavelength mentioned above is the 

shortest value in that region. For instance, if mesh accuracy is 3, that means 14 

points per wavelength used to do discretization in the space. Figure 2.4 (b) 

describes the result when changing the mesh accuracy. We could find mesh accuracy 

doesn’t have a big effect on the spectra, meaning smaller mesh accuracy can be used 

to fasten our calculation. Auto shut-off parameter tells to stop the simulation when 

the total energy in the simulation domain falls to a significant small value.19 The 

smaller value of auto shut-off, the better convergence result we can get. Figure 2.4 

(c) illustrates that by using the auto shut-off parameter of 10−5, we could already 

achieve a relative good convergent result. Figure 2.4 (d) shows the results by 

varying override mesh grid size. In the real application, we just need to use 2 nm to 

get relatively converged result within reasonable computational time. 

Consider all of these different parameters’ setting in Lumerical, we choose to use 

1500 nm length of monitor to cover all of the electron trajectories. Mesh accuracy 

has been chosen to be “5” with the simulation time to be 100 femtosecond. Auto 

shut-off parameter is set to be 10−5. Meantime, mesh refinement has been applied 

“Conformal variant 0”. First, we calculate total electric field in the presence of gold 

nanosphere. In the second step, we calculate the background electric field by 
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removing the gold sphere. After that, induced electric field could be obtained. We 

sweep the wavelength from 400 nm to 1200 nm, corresponding to 1 eV to 3 eV. In 

figure 2.3, we calculate three different impact parameters: (i) b = 120 nm (ii) b = 82 

nm (iii) b = 0 nm. For case (i), electron beam is quite far away from the sphere. In 

case (ii), electron beam is just 2 nm away from the boundary of the sphere. Finally, 

for case (iii), electron beam will penetrate the gold sphere. In all of the three cases 

mentioned above, electron’s velocity is half of the speed of light, which means 

electron has energy of 80 keV.  

From figure 2.3, we could see an excellent agreement between our FDTD method 

and BEM method. The latter one is almost the same as the analytical Mie theory’s 

result. There is a major peak at the position of 2.4 eV and we identify it as the 

quadrupole mode of the gold nanoparticle. Besides, there is another less prominent 

shoulder mode at about 2.1 eV, corresponds to sphere’s dipole mode. Since the 

particle’s size is relatively large (Diameter is 160 nm), large retardation effects 

would be expected. That’s the reason why peak position will shift when we change 

different impact parameters. Unlike some previous works13–15,26 which have 

difficulty to deal with penetrating case, we could easily extend our FDTD method to 

tackle this problem. Nevertheless, we need to pay attention to the calculation of the 

background electric field, which will be in the bulk metal environment. 

For the electron beam penetrates the sphere, we may also meet with the following 

numerical error: if we put the electric dipole at the exact interface between metal 

and vacuum, calculated EELS spectra based on FDTD will be overestimated 
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compared with BEM. From figure 2.5, we could find a very easy and quick solution 

to this issue. If we make the override mesh slightly different from case (i), mesh grid 

will not locate at the exact interface position. So in case (ii) and case (iii), EELS 

spectra are more close to BEM results. 

 

Figure 2.5 – Numerical improvement for penetrating case 

2.3.2. Strongly coupled system 

Many EELS measurements have been performed to research on dimer 

structures.8,10,16,26–28 So here we also have great interest to see the simplest coupling 
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system’s plasmonic properties. The dimer system is made of two silver spheres, 

whose diameters are both 160 nm. Gap distance between those two silver spheres is 

only 5 nm. Gap to diameter’s ratio is only about 0.03, where strongly coupled 

phenomenon will happen. Besides, the dielectric function of silver sphere is from 

Palik data.24 Other parameters’ setting is similar to the gold sphere’s situation. 

 

Figure 2.6 – Silver dimer’s EELS spectra and maps 
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Figure 2.6 above shows the EELS spectra for the strong interacting silver dimer. It 

represents three different cases: (i) Electron beam is near one of the silver spheres, 

i.e. impact parameter is 164.5 nm. (ii) Electron beam is penetrating one of the 

spheres, i.e. impact parameter is 82.5 nm (iii) Electron beam is at the center of the 

gap, i.e. impact parameter is 0 nm. Again, electron’s velocity is half of the speed of 

light. As we know, if the dimer’s gap is large enough, it has already been shown the 

clear bonding and antibonding dipole mode, respectively.29 However, in our case, 

gap is extremely narrow compared with their sizes, meaning dimer system is 

strongly coupled. So based on plasmon hybridization theory (PH),30 dipole mode 

will couple with other high order modes such as quadrupole mode, octupole mode 

etc. There are two low energy modes appearing at 1.5 eV and 2.3 eV, respectively. 

They are called localized surface plasmon resonances (LSPRs). According to mode 

analysis of the EELS maps on figure 2.6(b) as well as dark modes excitation by 

COMSOL, we identified the mode at 1.5 eV to be the longitudinal bonding dipole 

mode. Meantime, another mode at 2.3 eV was proven to be the transverse bonding 

dipole mode. On the other hand, we could also see very strong peak intensities at 3.5 

eV and a very obvious shoulder at 3.25 eV. Based on the EELS map, peak at 3.5 eV is 

the antibonding dipole mode while shoulder at 3.25 eV is a strong hybridized mode. 

For EELS map, we didn’t calculate the penetration case for the simplicity. What’s 

more, we applied 4 nm as the spatial resolution for all the maps. Also figure 2.6 

shows an excellent agreement between FDTD and BEM. Our results agree with 

previous research work.8,16,27,28 Due to the strong coupling effects, bonding dipole 

mode and antibonding dipole mode has a huge energy gap, approximate 1.5 eV.27–29 
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Besides, transverse bonding dipole mode becomes much more stronger when 

electron beam penetrates one of the spheres. However, if electron beam goes 

through gap center of the dimer, transverse bonding dipole mode will almost 

disappear.8 So impact parameter plays an important role to determine different 

modes energy distribution. Finally, since silver particle’s size is very large, strong 

retardation effect will happen. Same mode’s peak position will change a little bit 

when using different impact parameter for electron beam. 

2.3.3. System with supported substrate 

 

Figure 2.7 – Gold disk on substrate, EELS spectra 
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In almost every EELS experiment, we found the thickness of substrate was very thin. 

What’s more, non-dispersive material has often been chosen. We did this in order to 

minimize the energy loss caused by supported substrates. For example, the frequent 

materials we use are silicon nitride, silica, sapphire etc. Their typical thickness is 

about 20~40 nm. In previous EELS calculation, most researchers will neglect thin 

substrate’s effect for the simplicity. Here, we found that substrate had a big effect on 

the EELS spectra as previous paper shown in optical spectra.31 

In figure 2.7, the gold disk’s diameter is 50 nm. The height of it is 15 nm. It has been 

put on the substrate, whose thickness is 30 nm. Electron beam’s impact parameter 

has been fixed to be 27 nm. So electron is only 2 nm away from the edge of gold disk. 

Again, electron beam’s velocity is half of light in vacuum. For gold disk, we still 

applied Johnson and Christy experimental data23 in our interested wavelength 

region. Different dielectric constants corresponding to different frequent materials 

have been used for substrates. As can be seen from figure 2.7, dielectric constant is 

equal to 1 on the bottom, meaning the disk is placed just in vacuum. In the middle, 

dielectric constant is 2, corresponding to silica substrate. On the top, dielectric 

constant is 4, standing for silicon nitride.32,33 Similar to previous system, EELS 

spectra shows an excellent agreement between FDTD and BEM. Since we have 

isolated gold disk on the substrate, only LSPR dipole mode appears on the spectra. 

Besides, peak position is at about 2.3 eV if there is no substrate. Nevertheless, peak 

position will red shift to approximate 2.0 eV when placing on silicon nitride. This is 

reasonable due to the change of background medium’s effective dielectric function. 

Another noticeable change is the spectra’s line shape. So we could conclude that 
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substrate matters a lot when we perform EELS simulation and should be included in 

the accurate calculation.  

 

Figure 2.8 – Override mesh effect on EELS spectra 

We could further improve our FDTD calculation’s accuracy by reducing mesh grid 

size along electron’s moving trajectory as shown in figure 2.8. Case (i) corresponds 

to 2 nm mesh grid size while case (ii) corresponds to 1 nm mesh grid size. It is 

shown that the spectra of case (ii) are more close to BEM calculation. 
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Now let’s consider another more complicated geometry: bowtie antenna on silicon 

nitride substrate. The detailed dimensions are as following: it is made of two 

equilateral triangles. Each triangle edge length is 80 nm. And each of triangle’s 

height is 15 nm. Gap between two triangles are only 5 nm. So this is also a strong 

coupling system. Bowtie antenna is made of gold. Substrate is SiN with a thickness 

of 50 nm. Dielectric constant of SiN is 5.5.34 Meanwhile, between substrates and 

bowtie, there is a thin adhesion layer of Cr,24 whose thickness is 2.5 nm.    

 

Figure 2.9 – Bowtie antenna’s EELS spectra and maps 

According to figure 2.9, basically we have two different excitation locations. One is 

edge excitation and the other is gap excitation. Figure 2.9 (a) shows edge excitation 
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case, which means electron beam is near the edge of one of the triangles. The black, 

red, purple and blue curve represents electron beam is 15 nm, 10 nm, 5 nm and 2 

nm away from triangle’s edge, respectively. Figure 2.9 (b) shows gap excitation, 

meaning electron beam is near the gap of bowtie antenna. The black, brown, red, 

purple and blue curve stands for electron beam is 15 nm, 10 nm, 5 nm, 2 nm, 0 nm 

away from the center of gap. For edge excitation, we could see clearly two LSPR 

modes at 1.27 eV (i) and 2.39 eV (iv), respectively. As impact parameter increases, 

intensity of mode (i) will keep almost the same while that of mode (iv) will 

significantly decrease. For gap excitation, again two LSPR modes appear at 1.68 eV 

(ii) and 2.17 eV (iii), respectively. As electron is much far away from the gap center, 

intensity of mode (ii) remains the same while that of mode (iii) drops tremendously. 

Nevertheless, in all of the modes above, peak positions remain the same when 

changing slightly the impact parameter. These simulation results agree well with 

previous experimental EELS measurements on the same configuration.9,35 Figure 2.9 

(c) gives EELS maps, whose spatial resolution is 2 nm. In accordance with silver 

dimer system, we didn’t consider the case where electron penetrated the 

nanostructure for simplicity. From the maps, we could identify each of those four 

LSPRs modes. Mode (i) at 1.27 eV is bonding dipole mode while mode (ii) at 1.68 eV 

is antibonding dipole mode. In mode (iv) at 2.39 eV, we can see strong EELS 

intensity at almost every edge of the bowtie. Hence, it could be regarded as high 

order mode. For mode (iii) at 2.17 eV, it only shows strong EELS intensity near 

bowtie’s gap. This intensity decreases very fast as impact parameter moves away 
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from the gap. Figure 2.9 (b)’s peak intensity also verifies our assumption. Those 

EELS maps agree perfectly with previous experimental EELS measurements.9,35 

 

Figure 2.10 – Substrate effects for bowtie antenna 

For bowtie antenna, another interesting phenomenon also appears by changing 

substrate’s dielectric constants. As shown in figure 2.10, electron is exactly at the 

gap center. The bowtie antenna’s dimension is the same as previous one. We get rid 

of adhesion layer for the simplicity. In the simulation, we gradually increase the 

substrate’s dielectric constant from 1, 1.7, 2.3, 3.2 and 4. One similar thing as 
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previous nanodisk is that LSPR peak will shift to lower energy region. However, 

unlike previous disk’s case, additional high order modes will appear with the 

increment of substrate’s dielectric constant. This tells us bowtie antenna couples 

much better with substrate compared with isolated nanodisk. 

 

Figure 2.11 – Cr layer’s effect for single triangle structure 

Besides bowtie antenna, we also simulated single triangle prism’s EELS spectra. This 

time we want to see adhesion layer’s effect on the spectra. As shown in figure 2.11, 
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we also have two different excitation locations: edge excitation and apex excitation. 

Red lines in both figure 2.11 (a) and (b) represent 1 nm thickness of Cr while blue 

lines stand for 2.5 nm thickness of Cr. We could find that more Cr layer will make 

the peak broader. This is reasonable since Cr is a strong absorber and it could be 

regarded as a damping material. This single triangle prism’s EELS-FDTD simulation 

also shows great agreement with previous work.9,35 

2.3.4. A real application: high density 2D plasmonic dimers  

 

Figure 2.12 – SEM image of Ag-Ag dimer array 



28 
 

Dr. Zhang et al. from Stanford used a brand new technique called nanoimprint 

lithography (NIL) to fabricate high density Ag-Ag, Au-Au dimer arrays in a very large 

scale.36 The gaps between those dimers could be smaller than 10 nm. Figure 2.12 

shows the detailed scanning electron microscopy (SEM) image of Ag-Ag dimer array. 

They had used a myriad of experimental techniques such as scanning electron 

microscopy (SEM), scanning transmission electron microscopy (STEM), atomic force 

microscopy (AFM) as well as electron energy loss spectroscopy (EELS) to discover 

those dimers’ plasmonic properties. 

 

Figure 2.13 – Comparison between experimental and theoretical results 
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Figure 2.13 (A-B) shows the comparison between experimental and theoretical 

EELS spectra of Au-Au dimer. One is edge excitation while the other is gap 

excitation. Figures inset are high-angle annular dark-field (HAADF) images and red 

spots represent electron beam’s impact parameters. We built the model according 

to HAADF image and applied previous FDTD method18 to calculate EELS spectra for 

this specific geometry. Both Au-Au and Ag-Ag dimer could be treated as two hemi-

ellipsoids. For Au-Au dimer, the larger ellipsoid’s long axis is 190 nm and short axis 

is 150 nm while the smaller one’s long axis is 170 nm and short axis is 130 nm. For 

Ag-Ag dimer, the larger ellipsoid’s long axis is 160 nm and short axis is 130 nm 

while the smaller one’s long axis is 155 nm and short axis is 110 nm. Height is 40 nm 

and gap is just 5 nm for all of them in the simulation. Johnson and Christy 

experimental data23 has been used for gold while Palik data24 has been applied for 

silver. Besides, those dimer arrays are supported by silicon nitride substrate32 with 

a thickness of 100 nm. From figure 2.13, we found excellent agreement between 

experimental and theoretical results for both Au-Au and Ag-Ag dimer systems. Since 

each dimer is well separated, coupling effects between them can be negligible and 

we only model a single dimer system on substrates. For Au-Au dimer, edge 

excitation has two LSPR peaks at about 1.2 eV and 1.6 eV while gap excitation has a 

few LSPR peaks between 1.6 eV and 2.1 eV. For Ag-Ag dimer, edge excitation has 

three LSPR peaks at about 1.3 eV, 1.9 eV and 3.6 eV while gap excitation has several 

peaks at 1.8-2.2 eV and 3.6 eV. Here, many different modes have been discovered 

both in experiment and theory due to the following two reasons: first, gap is so 

small compared with diameter, meaning two hemi-ellipsoids have been strongly 
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coupled; second, two hemi-ellipsoids’ dimensions are quite different which will also 

introduce additional modes. Plasmon hybridization (PH) theory could be used to 

explain for this complicated system.29,30,36 Interested readers could look through the 

relevant reference papers. 

2.4. Conclusion 

A novel EELS calculation based on finite-difference time-domain method has been 

developed. Details about its principle and implementation have been discussed. This 

method has shown good agreement with BEM calculation for single gold sphere, 

silver dimer and disk on substrate. It also gives us great agreement with 

experimental results for bowtie antenna and semi-ellipsoid dimers on substrate.18,36 

This method is quite robust for solving the following difficult situations: (i) Electron 

beam penetrates nanostructures (ii) System doesn’t have symmetry (iii) 

Nanostructure has been supported by substrates. Finally, calculating EELS maps by 

this method could give us a better understanding of different plasmon modes’ 

nature.  
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Chapter 3 

Optical Properties of Split-Ring 

Resonators (SRRs) 

3.1.  Introduction 

Split-ring resonators (SRRs) could be regarded as one member of the metamaterials’ 

family. Compared with natural materials, metamaterials could show more 

interesting and surprising properties. Usually, metamaterials could be fabricated in 

a very large scale. Each unit’s dimension among those quasi periodic arrays will be 

less than the incident light’s wavelength. Those structure’s geometry and shape will 

have a big effect on their optical and electric properties.37 Researching on those 

metamaterials will show us some novel and interesting phenomena such as negative 

refraction38 and Fano resonances39. So metamaterials have a wide application in the 
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following areas: (i) data storage (ii) communication (iii) light harvesting.40 Like 

many other 2D shape plasmonic nanostructures e.g. square, rectangle, circular, 

triangle and hexagon, split ring shape is also a very promising geometry. John 

Pendry first found SRRs’ negative refractive indices (NRI).41 Other researchers 

verified this surprising phenomenon experimentally later.38  

To fabricate SRRs in a large scale is very difficult because optical region of 

metamaterials is in visible or infrared region. There are several traditional 

fabrication techniques could be used. They are electron beam lithography (EBL) and 

focused ion beam (FIB). However, these methods could only fabricate samples in a 

very small scale, approximate100 × 100⁡𝜇𝑚2. Meantime, these two techniques 

require very high cost. On the other hand, laser microlens array lithography and 

laser interference lithography could be used to fabricate in a very large scale.42,43 

Nevertheless, these two techniques require very high and strict optical conditions. 

Herein, much effort has been put to develop a convenient and easy method to 

fabricate those metamaterials in large scale. A lot of new methods appear: (i) 

nanoimprinting lithography44 (ii) colloidal lithography45–49 (iii) capillary force 

lithography50 etc. Here, a brand new fabrication technique named stretchable 

colloidal lithography (SCL) has been developed based on colloidal lithography.51 

This method will enable us to generate large scalable SRRs structures at very low 

cost. 
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3.2. Fabrication of SRRs 

 

Figure 3.1 – Gold SRRs fabrication’s procedure 

Figure 3.1 schematically shows the detailed steps to fabricate SRRs via SCL. Previous 

work has shown to fabricate elliptical rings (ERs) using the same technique.52 A 

glass slide has been pretreated by O2 plasma. The polystyrene (PS) film has then 

been put onto the glass substrate. After that, many silica nanoparticles have been 

placed onto PS film. The reason we want to pretreat glass is to make PS film 

hydrophilic. In order to get circular PS nanorings, we annealed the samples above at 

130℃ under very dry environment for 10 minutes (Shown in figure 3.1(a)). By using 

sonic wave technique, we could get rid of silica nanoparticles. Then we cast 

poly(dimethylsiloxane) (PDMS) and cure for 6 hours at temperature of 70℃ (Shown 

in figure 3.1(b)). Next step, we could release PDMS from PS and glass slide (Shown 

in figure 3.1(c)). Moreover, we need to stretch PDMS in one direction in order to 



34 
 

first get ERs (Shown in figure 3.1(d)). Later PS film with gold was covered by PDMS 

mold. Height of gold is 50 nm with 5 nm thickness of Cr as adhesion layer (Shown in 

figure 3.1(e)). The whole sample has been annealed for about 10 minutes at 130℃. 

Then we could remove PDMS mold and elliptical nanorings with a variance of height 

distribution will be formed (Shown in figure 3.1(f)). By using O2 RIE, ERs could be 

separated into two half rings (Shown in figure 3.1(g)). With the wet-etching 

technique, extra gold film can be got rid of where it is not covered by PS film (Shown 

in figure 3.1(h)). Finally, desired SRRs could be obtained by O2 plasma (Shown in 

figure 3.1(i)). The advantage of this technique is that as long as we could fabricate 

one set of PDMS mold, we needn’t repeatedly fabricate it again. All we need to do is 

to use the same PDMS mold to form SRRs. In practice, more than 30 times has been 

used for the same mold. This is important because it will make large scale repeated, 

uniform SRRs. 

   One important step during all of the fabrication techniques is to stretch circular 

PDMS mold. Figure 3.2(a-b) show AFM images of PDMS stamp before and after 

stretching, respectively. We could clearly see the transformation from circular ones 

to elliptical ones. Figure 3.2(c-d) show AFM line profiles corresponding to figure 

3.2(a-b). From these two figures, rings’ length and height can be easily obtained. 

Originally, circular apertures will have diameter of D0 and height of h0. After 

stretched, elliptical apertures’ short axis length is Ds with a height of hs while its long 

axis length is DL with a height of hL.  
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Figure 3.2 – PDMS stretching procedure 

   The stretching mechanism could be explained by Hooke’s law. When we applied an 

external stress in one certain direction, the length of circular apertures in that 

direction will be increased while in the vertical direction the length should be 
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decreased. Meanwhile, height of apertures will also change, especially in the short 

axis direction as shown in figure 3.2(f). From AFM line profiles, we could further 

measure those heights quite accurately. We could get h0, hL, hs are roughly 36 nm, 38 

nm and 24 nm, respectively. So long axis’ height is almost the same as original one’s 

but short axis’s height is much smaller than original one’s due to Poisson 

contraction effect. 

 

Figure 3.3 – Elliptical Rings (ERs) AFM image 

 

Figure 3.4 – Height for PS film for different AR 
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   After the PDMS stamp has been stretched, we could get elliptical rings as shown in 

figure 3.3. Again, their heights also have difference. Long axis has the largest height 

while short axis has the smallest one. Boat shape structure will be formed according 

to the 3D AFM image view in figure 3.3. Based on AFM line profiles, we could find 25 

nm height differences between long and short axis. Here height difference is a very 

important parameter to consider if we want to fabricate SRRs. If height difference is 

very small, both long axis and short axis will be etched away during RIE. We define 

the aspect ratio (AR) as DL/DS. As we can see from figure 3.4, long axis’ height will be 

almost the same while short axis’ height will drop dramatically before AR arrives at 

1.5. If AR is too small (e.g. AR = 1.0 or 1.2), height difference is so small that we 

couldn’t fabricate the appropriate SRRs. Only when AR arrives to 1.5 or larger could 

it be possible to separate ERs to get SRRs. 

 

Figure 3.5 – SEM images and AFM profles of SRRs 
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   In our experiment, we stretched PDMS mold to elliptical apertures whose AR is 

equal to 1.8. In this situation, height between long axis and shor axis is 25 nm, large 

enough to fabricate SRRs. Figure 3.5 (a-b) shows “zoom out” and “zoom in” SRRs 

array’s SEM images on silica substrate, respectively. As shown in figure 3.5(b), gap 

distance between separated rings is about 260 nm. Since they are well separated 

from each other, no big coupling effects will happen. So in our later numerical 

calculations, building just one pair of SRRs is enough to describe this system instead 

of more complicated large ensemble of SRRs or periodic array of SRRs. Besides, AFM 

line profile shows quite uniform height of gold SRRs, about 45 nm.   

3.2.1. Control SRRs gap distance 

Many different factors will influence SRRs’ geometries in each fabrication step, such 

as size of silica nanoparticles, stretching stress, RIE time and wet etching etc.52–54 

After PS ERs are fabricated, we could still control SRRs gap distance as shown in the 

following figure 3.6. By changing different RIE time, we could get SRRs with 

different gap sizes. The longer RIE time is used, the larger gap distance is obtained.  

The height of polymer ERs is composed of two different parts. (H(x) = h0 + h(x)) 

Here, h0 is the thickness of residual PS film on top of gold film. It is a constant, 

roughly 40 nm. h(x) is the additional height, which will increase step by step from 

the short axis to the long axis as shown in figure 3.6. Moreover, we could treat H(x) 

as an even function since the whole structure is symmetric. So the gap distance d 

can be roughly regarded as two times of x. 
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Figure 3.6 – Gap distance of SRRs at different RIE time 

  According to previous experience,52 the etching rate for reactive ion etching (RIE) 

is about 1.8 nm/s. So in order to first get ERs, we need to etch away residual PS film, 

whose thickness is about 40 nm. This will take us about 22 s based on the etching 

rate. If we want to further get SRRs, more RIE time is needed. From figure 3.6 (a), we 

could see closed elliptical rings begin to split at 38 s. When RIE time arrives at 40 s, 

two split rings are well separated with a gap distance of 280 nm. What’s more, gap 

distance is 500 nm and 650 nm at the time of 43 s and 46 s, respectively. Figure 3.6 

(b) also shows the AFM images of SRRs at different RIE time. We could measure the 

gap distance according to the scale bar in figure 3.6 (b). The measured data are 
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260 ± 55⁡𝑛𝑚, 520 ± 34⁡𝑛𝑚⁡𝑎𝑛𝑑⁡627 ± 36⁡𝑛𝑚 for 40 s, 43 s and 46 s, respectively. 

Our predicted values agree perfectly with those experimental ones.  

3.3. SRRs’ optical spectra and standing wave model 

 

Figure 3.7 – Extinction spectra of SRRs before and after annealing 
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Once SRRs have been fabricated, UV-vis-NIR equipment has been used to measure 

its optical properties. Here we applied normal incident angle and wavelength region 

was from 400 nm to 3300 nm. Figure 3.7(a) shows the extinction spectra of SRRs at 

different RIE times as previous shown. As RIE time increases, LSPR peaks will be 

damped and broaden. This is due to the fact that SRRs will become more 

inhomogeneous and rough at longer RIE time. According to figure 3.7(b-d), we could 

see LSPR peaks would become more sharp and clear after thermal annealing.55,56 

This is reasonable since annealing will smooth the rough surface. Besides, we can 

see some of LSPR peaks will shift to high energy region. This is because particles’ 

size will shrink a little bit after thermal annealing. 

 

Figure 3.8 – Extinction spectra of Au SRRs both experiment and theory 
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Figure 3.8(a) shows the experimental extinction spectra at RIE time of 40 s. Both un-

polarized and polarized light have been utilized. Regarding the polarized light, two 

types of polarized lights are used as shown in figure 3.8(c). They are named “c-

polarized” and “u-polarized” separately. There are three major resonance modes for 

c-polarization. Strong dipole mode appears at 2063 nm, named “c1” mode. Another 

high order and less obvious resonance peak shows at 1143 nm, named “c2” mode. A 

much high energy peak appears at 586 nm, named “pp(c)” mode. There are only two 

major resonance peaks for u-polarization. Strong dipole mode appears at 1267 nm, 

named “u1” mode. Another high energy mode appears at 586 nm, named “pp(u)” 

mode.  Compare un-polarized and polarized spectra, one similarity is major dipole 

mode peaks “c1” and “u1” will show up. However, less pronounced “c2” mode peak 

doesn’t appear in un-polarized spectra, which is due to its position overlapping with 

the strong “u1” mode. 

We have performed numerical calculations for sake of experimental spectra and 

nature of each resonance mode. Simulation is using commercial software called 

“COMSOL”, which is based on the finite element method. For SRRs at 40 s of RIE 

time, the gap distance is 280 nm. Other parameters are used based on SEM images 

in figure 3.5. DL is 1118 nm, DS is 607 nm, wL is 298 nm and wS is 140 nm as shown 

in figure 3.8(c). Johnson and Christy23 experimental data has been used for gold 

SRRs. Simulation results are shown in figure 3.8(b). We can see excellent agreement 

between theoretical and experimental spectra. Slightly different peak positions and 

intensities are probability due to the following reasons: theoretical models’ tips are 

flat and modeled SRRs’ surface is flat while experimental SRRs’ tips are rounded and 
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their surfaces may have some roughness. What’s more, inhomogeneous size 

distribution will happen even if we applied the same PDMS mold to repeat our 

fabrication.  

In figure 3.8(d), charge plots for different resonance modes have also been obtained 

based on electromagnetic field’s Gauss theorem. In those plots, the red color stands 

for positive charge while the blue color is for negative charge. White area is neutral 

part, meaning neither positive nor negative charge appears. Arrows in those figures 

show the induced current’s direction according to induced charge’s distribution. 

Each resonance mode could be defined based on standing wave model. Each white 

strip could be regarded as a node. “c1” mode only has one node in each of SRRs, so m 

= 1. “c2” mode has three nodes in each of SRRs, so m = 3. “u1” mode has two nodes 

in each of SRRs, so m = 2. For both “pp(c)” mode and “pp(u)” mode, oscillation and 

resonance direction is perpendicular to SRRs’ tips and contours. Such kinds of 

special resonances have been observed by previous researchers in small gold 

nanostructures.46,48,57 

In previous discussion, we mentioned by controlling RIE time, we could significantly 

change SRRs’ gap distance and geometry. Then extinction spectra had been 

measured for SRRs at different RIE time as shown in figure 3.9(a). Clearly we can 

see major peaks “u1” and “c1” will be blue-shift with the increment of gap distance. 

Besides, “c2” mode only shows at small gap case. When gap distance increases, this 

mode disappeared. Moreover, pp(c) resonance peak will be a little bit smaller than 

pp(u)’s.  
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Figure 3.9 – Tunability of SRRs’ extinction spectra 

Numerical calculations based on FEM have also been performed to get the extinction 

spectra at different RIE time. We can see simulation results show the exact same 

trend as experimental results. Major resonance peaks (“c1” and “u1” ) will blue shift 

as gap distance increases. Besides, “c2” mode doesn’t show up in large RIE time’s 

situation. We could also use standing-wave model to get effective background’s 

refractive index. According to the following formula: 

𝐿 =
𝑚(𝜆 + 𝜆0)

2𝑛𝑒𝑓𝑓
⁡⟺ ⁡𝜆 = 2𝑛𝑒𝑓𝑓 (

𝐿

𝑚
) − 𝜆0 

Equation 3.1 – Standing-wave model  
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 In the equation 3.1 above, m stands for node numbers in each split ring; 𝑛𝑒𝑓𝑓 is the 

square root of the effective background dielectric function; L is the SRRs’ geometric 

dimension; 𝜆 is predicted resonance peak’s position; finally, 𝜆0 is a constant 

value.58,59 Equation 3.1 shows the linear relationship between 𝜆 and 
𝐿

𝑚
, whose slope 

is just two times the effective background refractive index. So by applying a linear 

fitting technique for both experimental and numerical results, we could get the 

approximately effective background refractive index as shown in figure 3.9(c). 

Experimental data fitting shows effective background refractive index is 1.10 and 

numerical fitting shows it to be 1.19. Those values agree quite well within numerical 

accuracy. One of the effective medium theories (EMT) shows the following equation 

for background refractive index:60,61 

𝑛𝑒𝑓𝑓 = √
𝑛𝐴
2 + 𝑛𝑆

2

2
 

Equation 3.2 – Effective refractive index 

In our case,⁡𝑛𝐴 is the refractive index of air and 𝑛𝑆 is the refractive index of silica 

substrate. Using equation 3.2, we could get the effective refractive index value, 

which is about 1.26. This value based on EMT will be larger than our previous 

experimental or simulated results. This is quite reasonable because in EMT, we 

assume half of the background medium is composed of air while another half is 

composed of glass. In real case, the percentage of silica substrate will be much 

smaller than air.  
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3.4. Conclusion 

A novel fabrication technique called stretchable colloidal lithography (SCL) has been 

developed to produce SRRs in a very large and uniform scale. Furthermore, by 

controlling stretching stress and RIE time, SRRs’ dimensions and gap distances 

could be changed accordingly. Later we also performed optical extinction spectra 

measurements and found SRRs’ resonance peak ranged from visible to NIR. 

Numerical calculations based on FEM shown an excellent agreement with 

experimental results. By using induced charge distribution and standing-wave 

model, we could better understand the nature of each resonance peak in SRRs. This 

shows that SRRs have potential application in the biosensor area as one of the most 

important metamaterials. 
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Chapter 4 

Biomedical Application of Hollow Gold 

Nanoshells 

4.1. Introduction 

In our daily life, there are many dangerous diseases strongly affecting our health. 

Cancer is among one of them. Nanoparticles’ technique has been developed recently 

to deal with cancer.62–64 Photothermal therapy (PTT) has become an important 

method to kill tumor cell. Once small nanoparticles have been taken up by 

experimental bodies, we will shine a light whose wavelength is in the NIR region. 

This will generate strong plasmon resonance of those nanoparticles. Absorbed light 

will be transformed into heating, killing those tumor cells. At the meantime, healthy 

tissue won’t have a big absorption effect.65 In this way, only those “bad” tumor cells 
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will be eliminated. Many gold nanostructures have shown to be successful in PTT 

area such as silica-gold nanorods,66–68 nanocages,69,70 hollow gold nanoshell71,72 etc. 

All of those nanostructures could maintain plasmon resonance peak in NIR region. 

Many different factors will decide nanoparticles’ passive uptake efficiency by 

tumors, such as particle’s size and zeta potential. For instance, it is shown that 45 

nm gold particles have better uptake percentage in lung cancer than other large 

size’s gold particle.73 HGNS core-shell aspect ratio could be highly tunable so that 

NIR resonance can be achievable by nanoparticle whose size is less than 100 nm. 

   Many previous researchers have shown HGNS is a very useful material to maintain 

plasmon resonance peak in NIR region, while total diameters of hollow gold 

nanoshell could be smaller than 100 nm. They used the following chemical reaction 

principles: galvanic replacement from high reduction potential to low reduction 

potential.74–79 Salt solution usually has high reduction potential while solid metal 

has low potential. So metal in salt solution will come out but solid metal will 

dissolve into salt solution. Galvanic replacement formula between gold and silver is 

as following:80 

3𝐴𝑔(𝑠) + 𝐴𝑢𝐶𝑙4
−(𝑎𝑞) → 𝐴𝑢(𝑠) + 3𝐴𝑔+(𝑎𝑞) + 4𝐶𝑙−(𝑎𝑞) 

Equation 4.1 – Glavanic replacement between Gold and Silver 

Previous researchers have shown the following results: initially we only have solid 

silver cubes. By reaction formula shown in equation 4.1, gold nanocages whose size 

is less than 100 nm will be created with resonance peak in the NIR region.81 
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Nevertheless, previous research hasn’t paid much attention to those nanoparticles’ 

behaviors inside bodies. Recently, our collaborated group has fabricated HGNS 

based on silver core with different sizes (e.g. 43 nm, 62 nm and 82 nm). We found its 

surprising in vivo properties.82 

4.2. Hollow Gold Nanoshells’(HGNS) synthesis 

 

Figure 4.1 – HGNS systhesis procedures 

As known from equation 4.1, HGNS could be synthesized based upon galvanic 

replacement. Figure 4.1 above shows the main five steps of this process. Initially we 

only have a silver core in the solution (Figure 4.1(a)). Then as chemical reaction 

begins, silver will go into the salt solution while gold will come out. In this process, 

pinhole shape geometries are produced (Figure 4.1(b)). Besides, alloy of silver and 

gold is more stable than any single one component. Due to the Kirkendall effect, 

silver core will be further dissolved. Later because of Ostwald ripening effect,80 

pinholes on the surface of nanoparticles will gradually reduce (Figure 4.1(c)). 

However, silver still exists inside the system. Then dealloying stage will again 

generate a lot of holes around the particles because three silver atoms will go into 
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solution for just one gold atom comes out according to reaction formula (Figure 

4.1(d)). Finally, as all of silver atoms go into solutions, porous hollow gold 

nanoshells will be formed (Figure 4.1(e)).  

4.3. Optical properties of HGNS 

Different silver core sizes have been used such as 40 nm, 60 nm and 80 nm. By using 

the synthesis above, HGNS could be formed. Their dimensions as well as error bars 

are shown as following : 43.1 ± 3.9⁡𝑛𝑚, 61.8 ± 3.3⁡𝑛𝑚⁡𝑎𝑛𝑑⁡82.6 ± 4.2⁡𝑛𝑚.  

 

Figure 4.2 – Extinction spectra of colloid Ag and HGNS 
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Figure 4.2(A) gives experimental extinction spectra of different sizes solid silver and 

HGNS. Figure 4.2(B-C) shows TEM images of them. We could see clearly that 

resonance peak is just around 450 nm for colloid silver. However, when HGNS has 

just been formed, peak position dramatically shifts to about 800 nm, which will be in 

the NIR region. Meantime, it is shown from figure 4.3 that plasmon resonance peak 

will blue shift significantly as we increase reaction time up to 24 hours. In order to 

maintain NIR peak resonance, only a limited reaction time is permitted (e.g. 1 hour 

time period). X-ray photoelectron spectroscopy (XPS) is a very useful tool to detect 

different metals’ percentage in HGNS. From figure 4.4, we could see at the beginning 

of the reaction, silver has 80% while gold has only 20%. However, as the reaction 

continues up to 24 hours, silver and gold have almost 50%, respectively. This tells 

us silver core plays an important role to maintain peak in NIR.  

 

Figure 4.3 – Resonance blue shift as reaction time increases 
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Figure 4.4 – HGNS different metals’ percentage and TEM images 

4.4. Numerical Modelling of HGNS 

In order to better understand experimental peak’s significant shifting effects, 

numerical calculations based on FEM have been performed. From the SEM images 

shown in figure 4.5(A), HGNS has many defects and holes on its surface. Besides, 

three silver atoms will go into salt solution for just one gold atom. So nanoparticles 

will be porous and water could go inside the particle. 
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Figure 4.5 – Extinction spectra of HGNS based on FEM 

According to experimental conditions, we modeled the shell of HGNS as porous 

alloy, which is a mixture of gold, silver and water. The core of HGNS was modelled as 

porous silver, a mixture of silver and water. For the sake of dealing with different 

dielectric functions’ mixture effects, Bruggeman effective medium theory (EMT) has 

been employed.83 There are many different types of EMT. The reason that we choose 

to use Bruggeman EMT is due to its wide application in porous materials.84 For only 

two composites, equation shown as below: 
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𝑓1
𝜀1 − 𝜀𝑒𝑓𝑓

𝜀𝑒𝑓𝑓 + 𝑔(𝜀1 − 𝜀𝑒𝑓𝑓)
+ (1 − 𝑓1)

𝜀2 − 𝜀𝑒𝑓𝑓

𝜀𝑒𝑓𝑓 + 𝑔(𝜀2 − 𝜀𝑒𝑓𝑓)
= 0 

Equation 4.2 – Bruggeman EMT for two composites 

In our case, 𝜀1 is silver’s dielectric function and 𝜀2 is water’s one. Spherical 

inclusions are considered so that geometric factor 𝑔 is equal to 1/3. 𝑓1 is silver’s 

volume fraction. 𝜀𝑒𝑓𝑓 is the effective dielectric function of the whole system. For 

porous alloy, it contains three different materials: water, silver and gold. So we need 

to apply a more generalized Bruggeman effective method: 

∑ 𝑓𝑖
𝜀𝑖 − 𝜀𝑒𝑓𝑓

𝜀𝑒𝑓𝑓 + 𝑔(𝜀𝑖 − 𝜀𝑒𝑓𝑓)
= 0

𝑖
 

Equation 4.3 – Generalized form of Bruggeman EMT 

For porous alloy case, parameter “i” is equal to 3. For high order equation, we 

always have many different solutions. Since there is no gain medium for the 

materials we used, solution is chosen so that imaginary part of dielectric function is 

always positive. For the initial materials, we applied Johnson and Christy 

experimental data23 for both gold and silver. For water, real part of dielectric 

function is 1.77 while imaginary part is 0. By using those data in Bruggeman EMT, 

we could get desired dielectric function for both porous silver and porous alloy as 

shown in figure 4.6. For porous alloy, the percentage of water, silver and gold are 

46%, 43.2% and 10.8%, respectively. In experiment, we could only determine 

percentage of silver and gold via XPS but couldn’t know the exact percentage of 



55 
 

water in the porous HGNS. So we determined water percentage from simulation to 

get the expected plasmon resonance at around 800 nm. 

 

Figure 4.6 – Dielectric function based on Bruggeman EMT 

Regarding the specific geometry of HGNS, we have “no hole”, “one hole” and “three 

holes” models, respectively. The “three holes” model is closest to real case since 

there are many holes around particle’s surface. Besides, for “one hole” and “three 

holes” geometries, particles are not isotropic. When we try to get the extinction 

spectra, polarization average has been performed. For all the simulations shown in 

figure 4.5, the background medium is water. As shown in figure 4.5(a), the total 

diameter of nanoparticle is “D” and shell thickness is “D-d”, which means inside 

silver core’s diameter is “d”. Besides, for “three holes” case, there are two small 

holes with a diameter of “h2” while there is a large hole with a diameter of “h1”. For 

“one hole” case, there is only one big hole with a diameter of “h1”. Detailed 

parameters for three different sizes’ particle have shown in table 4.1.  
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Table 4.1 – Parameters used in FEM simulations 

Figure 4.5(A) shows no porous case, where the percentage of silver and gold are 

80% and 20% based on XPS data at the beginning of reaction time. “no hole” case 

just leads to plasmon resonance peak at about 480 nm. Even for “three holes” case, 

plasmon resonance peak shifts to around 530nm, which is too far away from the 

experimental measurement as shown in figure 4.2(A). Besides, we could see “holes 

effects” just introduce a tiny peak red-shift, which is about 50 nm. Nevertheless, 

when porosity has been included as shown in figure 4.5(B), we could see a 

significant resonance peak’s red shift, about 275 nm. Comparing figure 4.5(A) and 

4.5(B), we can see porosity plays an important role to shift plasmon resonance’s 

peak into NIR region. Again, in this case, “holes effects” only contributes to about 50 

nm red shift. In order to verify whether inside core is silver or water, we further 

perform Mie theory calculation and results are shown in figure 4.5(C). We simulated 

for different sizes and “no hole” cases. Percentage of silver and gold are 80% and 

20%, respectively. Dimensions are exact the same as table 4.1. We could see 

plasmon resonance peaks are between 600 nm and 640 nm, still far away from 
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experimental results. This simulation test confirmed us that inside core was really 

silver.  

 

Figure 4.7 – Extinction spectra of different porosity’s HGNS 

When we compared experimental spectra in figure 4.2(A) and numerical calculation 

in figure 4.5(D), we found that experimental spectra’s resonance peak would be 

much broader than numerical one’s. In order to account for this discrepancy, 

numerical simulations based on various porosities have been performed and results 

are shown in figure 4.7. By changing water percentage in HGNS from 40% to 46%, 

plasmon resonance has a tremendous increase from 660 nm to 810 nm. On the 

other hand, considering porosity difference is reasonable since each particle among 

ensemble measurements will have quite different sizes and porosities. After we do 

an average of simulated extinction spectra as shown in figure 4.7, resonance peak 
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will be almost as broad as experimental one’s. Finally, figure 4.5(D) shows plasmon 

resonance is about 815 nm for 43 nm HGNS, with porosity of 46.4%; plasmon 

resonance is around 815 nm for 62 nm HGNS, with porosity of 46.3%; plasmon 

resonance is approximately 800 nm for 82 nm HGNS, with porosity of 46%.   

4.5. Stability of HGNS under laser 

HGNS should be coated with polyethyleneglycol(PEG) if we want to test its effect in 

biological body. There are basically three reasons that we need to do this. Firstly, it 

will increase HGNS’s circulation time in vivo.85,86 Secondly, it will be easier to be 

swallowed by phagocytes.85–87 Thirdly, it could make HGNS’s surface charge to be 

almost neutral.87 There are basically two steps needed to covered by PEG with zeta 

potential to be -10 mV. First, 10 000 MW thiol-PEG-methyl has been used to coat 

HGNS; second, 10 000 MW thiol-PEG-amine was added to increase HGNS’s density. 

Table 4.2 below shows extinction spectra and zeta potential for silver colloid, HGNS 

and HGNS@PEG, respectively. 

 

Table 4.2 – Different sizes particles’ extinction and zeta potential 
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Figure 4.8 – Effects of laser on HGNS and HGNS@PEG 

Since HGNS has very large core-shell aspect ratio, thickness of HGNS will be very 

small. So generated heat can easily diffuse to surrounding medium and kill tumor 

cells.77 From figure 4.8, we could see bare HGNS will have different plasmon 

resonance positions for different sizes’ particles with smallest one shifting to bluest 

side after laser irradiation. However, if HGNS has been pre-processed with PEG, 

plasmon resonance will almost maintain in the same position for different sizes 

after laser irradiation. From the TEM images on figure 4.8(C-D), it is easily to see 

silver leak out for smaller sizes bare HGNS while this phenomenon doesn’t happen 

to HGNS@PEG. So we can conclude that HGNS@PEG will be more stable and 

appropriate for us to perform in vivo experiment. 
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4.6. Abnormal in vivo distribution of HGNS    

 

Figure 4.9 – Silver and gold’s distribution at different organs 

For in vivo experiment, we performed it on mice. HGNS@PEG has been used for its 

stability properties in vivo as shown previous. Three different sizes HGNS@PEG (43 

nm, 62 nm and 82 nm) have been applied and totally there are nice mice. Any three 

among the nice mice are set for one group with one specific nanoparticle’s size. 

Later unfortunately, all of them are dead after 24 hours. Figure 4.9 shows Ag/Au 

ratio in different organs for three different sizes. (A is for 82 nm, B is for 62 nm and 

C is for 43 nm) They are measured by inductively coupled plasma mass 

spectrometry (ICP-MS). Green line shows aspect ratio of Ag and Au is 4 before HGNS 

has been taken in by mice. We could see aspect ratio is quite different at different 

organs. There is more gold percentage than silver’s in liver and spleen. For the 

aspect ratio in other organs, they are more close to 4:1. However, there still exist 

some variations either above or below 4:1. Ag/Au aspect ratio is not a constant at 

different organs indicates that HGNS fragmented sometime after being injected into 

mice. Besides, we could see variation of Ag/Au aspect ratio is most significant for 
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the smallest size as seen in Figure 4.9(c). This is reasonable because according to 

table 4.1, smallest HGNS has the thinnest shell, which means inside silver core is 

easier to leak outside. As we know, silver is toxic for biological body such as 

mice.88,89 So that’s the reason why all of the mice were dead within one day. 

4.7. Damping effects in hollow gold-cobalt nanoshell 

Recently, we have also shown cobalt’s tremendous damping effects in HGNS,90 

which has potential in hot electron generation. Figure 4.10(A) below shows Mie 

theory calculations for hollow gold-cobalt nanoshell with different percentages of 

cobalt. Johnson and Christy experimental data for both gold and cobalt23 have been 

used in the simulation. Again, Bruggeman effective medium theory83 has been 

applied to deal with effective dielectric functions of mixed Au and Co. We could see 

clearly from figure 4.10 that LSPR resonance peak becomes broader and broader as 

the percentage of cobalt increases. Full width at half maximum (FWHM) has been 

calculated based on Lorentz fitting of each curve. It is shown FWHM increases 

almost linearly with the increase of Co percentage in the nanoshell. Experimental 

measured data in figure 4.10(B) agrees well with our numerical results. 
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Figure 4.10 – Mie calculation for a variation of cobalt percentage 

4.8. Conclusion 

We synthesized HGNS nanoparticles with three different sizes ranging from 43 nm 

to 82 nm. Then ensemble extinction spectra show all different sizes’ LSPR peak in 

the NIR region, which is very useful in biomedical area. Numerical calculations 

based on FEM were performed. In order to model different materials’ mixture 

effects, Bruggeman effective medium theory has been employed. We have shown 

many different factors to maintain plasmon resonance peaks in NIR region, such as 

porosity, silver core and surface defects etc. Later, HGNS has been coated with PEG 

to stabilize its behavior under laser irradiation. Nevertheless, after Ag/Au aspect 

ratios has been measured at different organs, we concluded silver core in HGNS 

fragmented into small pieces and was very harmful and toxic for biological 

application. Later, Bruggeman effective medium theory has also been applied to 
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hollow gold-cobalt nanoshells and we found tremendous damping effects of cobalt, 

which has potential application in hot electron generation.    
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Chapter 5 

Conclusion 

In my thesis, two major numerical techniques have been employed: one is FEM and 

the other is FDTD. Both of them are very important methods in plasmonics and 

nano-photonics research area.  

Firstly, we have developed a new numerical method to calculate EELS spectra based 

on FDTD. Detailed principles and implementation procedures have been provided. 

Starting with the simplest gold sphere in vacuum case, it shows an excellent 

agreement between FDTD and BEM results. Then we extended to more complex 

cases such as silver dimer, gold disk on silicon nitride substrate, bowtie antenna on 

supported substrates and high density of Ag-Ag dimer. All of those calculations 

based on FDTD show an excellent agreement with BEM. For some specific strongly 

coupling geometries, EELS maps have also provided to further help us to 
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understand different plasmon modes. Our FDTD results also agree well with 

experimental EELS spectra. 

Next, we introduced a quite novel fabrication technique called stretchable colloidal 

lithography (SCL). Based on this technique, we could create SRRs in a large and 

identical scale. Optical spectra have been measured in the experiment and 

numerical calculations based on FEM have confirmed plasmon resonance peaks’ 

locations. Charge plots based on Guass’ theorem are obtained. Furthermore, with 

the aid of standing-wave model, we could understand different plasmon modes’ 

nature. SRRs have wide application in metamaterials and sensors area. 

Finally, we discussed HGNS’ application in biomedical area. HGNS with size sub-100 

nm could be treated as an efficient nanoparticle for cancer therapy since their 

resonance peak was in NIR region. Detailed chemical synthesis process had been 

discussed to get HGNS. In order to know the specific composites in HGNS and why 

the resonance peak was at NIR region independent of particle’s sizes, we performed 

accurate FEM calculations to get extinction cross section spectra. In this process, 

Bruggeman effective medium theory was used to calculate the dielectric function 

with a mixture of gold, silver and water at different percentages. Later, laser test 

showed HGNS would be more stable coated with PEG. However, HGNS fragmented 

into pieces in vivo. Meantime, we found cobalt’s surprising damping effects via 

experiment and Mie theory calculations. 
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 Appendix  

 

Figure S1: Synthesis of Hollow gold-cobalt nanoshell and its magnetization 

properties 



 75 
 

 

Figure S2: Experimental scattering for different sizes (35 nm, 50 nm, 100 nm) Co-

HGNS and colloid gold 
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