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ABSTRACT 

Photonic devices utilizing subwavelength light confinement have been of interest 

due to many interesting optical properties introduced by the peculiar field distributions in 

the structures of subwavelength feature sizes. As a result of recent advances in 

nanofabrication, these photonic devices can now be experimentally demonstrated. We 

present our theoretical and experimental studies of several subwavelength structures 

showing the optical responses different from other structures.  

First, we investigated the optical properties of deep subwavelength metallic 

structures with finding their magnetic and electric resonances. These magnetic and 

electric resonances can lead to electromagnetic properties not existing in nature. We 

designed a new split-ring resonator (SRR) geometry which has negative permeability and 

negative permittivity in order to construct low loss negative index materials. The new 

design helped to make the operating wavelength shifted down to visible region from the 

infrared region where most of other SRR geometries operate. Next, because of the field 

enhancements arising from the electric resonances, metallic nanoparticles had been 

previously studied for sensing using the amplitude response of the electronic resonances. 

However, the phase response could also carry important information. We investigated 

both the amplitude and phase responses of anisotropic and uniformly oriented gold 

nanoparticles and the relation between them.  

Additionally, we studied the guidance of light utilizing the surface modes. Surface 

modes supported at metal surface propagates with a larger effective index, a larger 
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confinement factor, and a smaller mode size than modes in an air-cladded waveguide. We 

proposed metal-capped microdisk cavities supporting surface modes in the transverse 

dimension. Having a larger effective index reduces the radiation loss and can increase the 

cavity Q factor. Having a larger cavity Q factor, a larger confinement factor, and a 

smaller mode size can lower the threshold for lasing. However, these benefits are 

accompanied by the additional propagation loss of surface modes introduced by the metal 

absorption. To reduce this metal absorption, we designed alternative structures which 

incorporate metal-sandwiched and photonic crystal structures in the transverse dimension. 

By improving the performances of subwavelength cavities, they can serve as the 

substantial building blocks for integrated optics. 
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Chapter 1  

Introduction 

1 

1.1 B ackgr ound                                                              

 Subwavelength optics opens many new phenomena and potential applications and 

has drawn plenty of attention in recent years due to the advances in the techniques for 

fabricating nanoscale structures[1-8]. At a scale shorter than the wavelength of light, the 

interactions between light and matter no longer follow the macroscopic conventions. The 

optical responses depend not only on the properties of the bulk materials but also on the 

size and the shape of the subwavelength structures. The strong light-matter interactions 

generate unique optical field distributions which are directly related to the topography of 

photonic nanostructures. There light-matter interactions could the lead to field 

localization in subwavelength volumes and give rise to the distinctive optical responses to 

the light excitation.  

1.2 I nter action of L ight with M atter s                                         

The interactions of light with matters follow Maxwell’s equations. For 

subwavelength structures, these interactions depend on both the electromagnetic 

properties of the materials the topography of the structures. The electromagnetic 

properties of materials can be characterized by the permittivity and the permeability 
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describing the responses to electric field and the magnetic field respectively. For 

materials in nature, the response to magnetic field of visible light are weak and can only 

produce small deviations of permeability from the value in free space. However, artificial 

materials can have the strong response to magnetic field of visible light and the effective 

permeability can deviate more from the permeability of free space[9]. Artificial materials 

with the strong response to magnetic field can enable new optical properties and exciting 

applications. One of the most interesting properties is a negative refractive index which 

will be explored in more details in Chapter 2. On the other hand, the response to the 

electric field can be characterized by the permittivity and is usually much stronger than 

the response to magnetic field. Different response to the electric field leads to different 

conductivity. Conductivity is linearly proportional to the imaginary part of permittivity. 

Materials are commonly classified into metals, semiconductors, and dielectrics according 

to their conductivity which again is directly related to the response to electric field.  

To understand the microscopic picture of the interaction between light and matters, 

atoms or molecules of the media of interest are commonly treated as harmonic oscillators 

by Lorentz Model. The response of harmonic oscillators to light can be characterized by 

complex-valued permittivity through Lorentz Model. The complex-valued permittivity 

governed by macroscopic Maxwell’s equations can thus be linked to the microscopic 

interactions between light and atoms or molecules. Meanwhile, as a result of causality, 

the real and imaginary parts of permittivity are not independent and can be related 

through Kramers-Kronig relations. These relations will be utilized in Chapter 3 to relate 

the real and imaginary parts of transmission coefficients. When excited by light, atoms or 

molecules of the medium can radiate energy as they behave like harmonic oscillators. 



3 

 

The process of radiation by particles of size much smaller than the wavelength of light is 

referred as Rayleigh scattering[10-12]. The strength of Rayleigh scattering varies with the 

size but not the shape of particles. When the size of particles is similar to the wavelength, 

the scattering of light by the particles is referred as Mie scattering. While the strength of 

the scattering depend highly on both the size and the shape of particles, it does not vary 

with the wavelength of light if the material is transparent (not absorbing).  Furthermore, 

the scattering becomes dispersive when the material is absorbing and the process is 

referred as resonant scattering[13]. When the absorbing material is metal, the scattering 

resonance is referred as the localized surface plasmon resonance (LSPR)[8]. The 

properties of localized surface plasmon resonance with metallic nanoparticles will be 

discussed in the next section and in Chapter 3..  

If light is scattered by periodic structures with the lattice constant comparable to the 

scale of wavelength, the interference of scattered light is referred as diffraction[14]. Such 

structures with the periodic arrangement of objects at a length scale comparable to light 

are commonly referred as the photonic crystals[15, 16]. The interference of scattered or 

diffracted light can lead to the control over light propagation by prohibiting the 

propagation of certain electromagnetic waves. This control of light propagation may 

provide good confinement of light or photons. Photonic crystals are the optical analog of 

semiconductor crystals which can confine electrons by periodic arrangement of atoms or 

molecules at the length scale of de Broglie wavelength of electrons. Although there are 

no crystals in nature with lattice constants comparable to the wavelength of light, 

artificial structures can be fabricated with desired lattice constants. Optical cavities 
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utilizing the light confinement provided by photonic crystal will be discussed in Chapter 

5. 

1.3 M etal Optics 

It has been found that one of the most efficient ways to channel and concentrate light 

below the diffraction limit is to use metals because its negative permittivity[1, 4, 17-20]. 

Electromagnetic waves are evanescent in media like metals having negative permittivity. 

Because light cannot propagate in metals, metals can serve as good reflectors and are 

used to guide and confine light. [21]. On the other hand, when the excitation of electric 

field is polarized perpendicular to the metal surface (TM), light can interact with the free 

electrons of metals coherently. In the process of this interaction, the free electrons 

respond collectively by oscillating in resonance with the electromagnetic field as 

illustrated in Figure 1.1 (a). The resonant interactions between the surface charge 

oscillation and the electromagnetic field of the light constitute the so called surface 

plasmon polaritons (SPPs)[1]. SPPs can be guided at the interface between a metal and a 

dielectric medium of SPP waveguides.  

SPPs have two unique properties. First, the fields exponentially decay with normal 

distance from the interface as depicted in Figure 1.1 (b). The field localization to the 

surface of metal makes the size of SPP modes generally smaller than the modes in 

dielectric waveguides. Reducing the cavity mode volume by utilizing a SPP waveguide to 

provide the transverse confinement for whispering gallery modes (WGMs) will be 

discussed in Chapter 4. Second, the momentum of a SPP mode is larger than that of a free 

pace photon in the dielectric medium. The dispersion relation for a SPP mode is given by 
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Equation (1.1) where kSPP and k0 denote the wavevector of a SPP mode and a free space 

photon and εm and εd 

(1.1)

denote the permittivity for the metal and the dielectric medium. It 

can be clearly seen from Equation  that when εm and εd have opposite signs kSPP is 

always larger than k0 Figure 1.1 as plotted in  (c). In Chapter 4., we will discuss how this 

larger momentum can help to reduce the radiation loss of WGM and increase the cavity 

Q factor. However, because of the nonzero conductivity of metals which contribute to the 

nonzero imaginary part εm, kSPP

Chapter 4

 contains imaginary part which leads to the propagation 

loss for a SPP mode. This propagation loss arises from metal absorption and need to be 

added into the total loss for a SPP guided WGM. In , we will discuss the 

reduction this propagation loss by incorporating WGM with a long range surface plasmon 

polariton (LRSPP) mode. In most cases, a smallest propagation loss is preferred. For all 

metallic structures in this dissertation, we use silver or gold since they have the lowest 

absorption among all metals. 

 

Figure 1.1(a) SPPs at the interface between a metal and a dielectric material have a 
combined electromagnetic wave and surface charge character. They are 
transverse magnetic (H is in the y direction), and the generation of surface 
charge requires an electric field normal to the surface. (b) Electric field 
component perpendicular to the surface being enhanced near the surface and 
decaying exponentially with distance away from it. δd is the decay length in 
the dielectric medium above the metal and is on the order of half of the 
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wavelength. δm is the decay length into the metal determined by the skin depth 
and is usually one order smaller than the wavelength. (c) The dispersion curve 
for a SPP mode shows the SPP mode always has greater momentum (kSP) than 
a free space photon (k0 1) of the same frequency ω. [ ] 

 

 𝑘𝑘𝑆𝑆𝑆𝑆𝑆𝑆 = 𝑘𝑘0�
𝜀𝜀𝑑𝑑𝜀𝜀𝑚𝑚
𝜀𝜀𝑑𝑑 + 𝜀𝜀𝑚𝑚

 (1.1)  

 

When light interacts with metallic particles of size smaller than the wavelength of 

light, the electrons oscillate locally around the nanoparticle with a frequency known as 

the LSPR. As mentioned in the previous section, strong resonant scattering occurs when 

the wavelength of light is at the LSPR[22] The interaction between the electron cloud of 

the metallic particles and the electromagnetic fields of light is illustrated in Figure 1.2. A 

LSPR is characterized with a strong extinction band and an enhancement of the local 

electromagnetic fields. The extinction band is the result of the resonant scattering and the 

metal absorption. It not only depends on the electromagnetic properties of the metal and 

the surrounding dielectric material, but also depends on the size and shape of the metallic 

particles. These dependencies can be seen in Equation (1.2) which calculates the 

extinction spectrum of the simplest structure, a metallic sphere. Here, εm and εd 

Chapter 3

denote 

the permittivity of the metal and the surrounding dielectric material while a denotes the 

radius of the metallic sphere.  Because of the field enhancements near the metallic 

nanoparticles, the change in the extinction spectrum with the surrounding dielectric 

material can be applied to sensing which will be discussed in . 
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 𝐸𝐸(𝜆𝜆) =
24𝜋𝜋2𝑁𝑁𝑎𝑎3𝜀𝜀𝑑𝑑

3
2

𝜆𝜆𝜆𝜆𝜆𝜆(10) �
𝐼𝐼𝐼𝐼[𝜀𝜀𝑚𝑚(𝜆𝜆)]

(𝑅𝑅𝑅𝑅[𝜀𝜀𝑚𝑚(𝜆𝜆)] + 2𝜀𝜀𝑑𝑑)2 + 𝐼𝐼𝐼𝐼[𝜀𝜀𝑚𝑚(𝜆𝜆)]2� (1.2)  

 

 

Figure 1.2A schematic diagram illustrating a localized surface Plasmon[8]. 

1.4 Numer ical A nalysis 

Although the interaction between light and maters completely follows Maxwell’s 

equations, the analytical solutions of some complicated structures are difficult or 

sometimes impossible to find. For example, the analytical solution for the extinction 

spectrum of metallic nanoparticles can be found only for sphere and spheroid[8], for all 

other shapes of nanoparticles, additional approximations need to be applied when 

searching for appropriate solutions[23, 24].  Therefore, in order to study the optical 

properties of more complicated subwavelength structures, we usually rely on numerical 

simulations.  One of the most commonly used numerical simulation methods in dealing 

with the electromagnetic waves is the finite difference time domain (FDTD) method[25]. 

The FDTD algorithm has been widely used to study LSPR[26-31], SPP waveguide[32-

34], and microcavities[35-42].  The development of the FDTD method can be traced back 

to the introduction of Yee’s grid in 1966[43]. FDTD method is a space-grid time-domain 
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technique and can obtain rigorous solutions to Maxell’s curl equations. It can solve for 

any electromagnetic field components at any sampled points of space and time within the 

simulation domain. It can simulate the actual propagation of electromagnetic waves by 

marching in time in a time-stepping scheme. The distribution of fields (Chapter 2), 

transmission and reflection coefficients (Chapter 2), scattering of particles (Chapter 3), 

absorption due to the dielectric properties of metals (Chapter 2, Chapter 3, and Chapter 4), 

and radiation from optical cavities (Chapter 4 and Chapter 5) can all be simulated using 

the FDTD method. Moreover, the dispersive optical properties can also be obtained by 

doing frequency analysis from a pulse response with FDTD simulations. The basics of 

the FDTD method will be discussed in more details in Appendix. 

1.5 C hapter  Over view 

In this dissertation, several interesting subwavelength geometries consisting of 

dielectric and metallic materials were presented. Their attractive optical properties and 

potential applications were investigated by characterizing their magnetic, plasmonic, and 

cavity resonances. The macroscopic properties of some deep-subwavelength structures 

can be described by homogeneous media with effective electromagnetic responses. In 

search of negative refraction, metamaterials based on split-ring resonators were studied. 

Negative permeability introduced by the magnetic resonances along with negative 

permittivity introduced by metal was demonstrated at visible wavelengths in Chapter 2. 

The field localizations at the plasmonic resonances of metallic nanoparticles may result in 

field enhancements applicable to sensing. The polarization dependent plasmonic 

resonances of anisotropic nanoparticles were exploited with spectroscopic ellipsometry 
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and an effective sensing configuration was explored in Chapter 3. The field localizations 

in subwavelength volumes could be help to shrink the size of microcavities reducing the 

cavity mode volumes. Metal coating was used to support surface modes and to increase 

the field confinement in the transverse dimension of microdisk cavities. Metallic 

microdisks with cavity Q factors higher than that in traditional microdisks were presented 

with subwavelength microdisk diameters in Chapter 4. Another type of surface modes 

with lossless propagation supported by truncated photonic crystal was also incorporated 

with the design of microdisk cavities. With the help from reducing the mode volumes, 

increasing the cavity Q factors, and reducing the threshold gain, the lasing of 

microcavities was demonstrated in Chapter 5.  
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Chapter 2  

Magnetic Response of Connected Split Ring Resonators at Visible 

Frequencies 

2 

2.1 I ntr oduction 

 As introduced in Chapter 1, some electromagnetic properties not possessed by 

materials in nature can be demonstrated by artificial structures. When the artificial 

structures are periodic, the individual responses from the features of each unit can usually 

constitute a single response for the entire periodic structure. Two types of periodic 

structures of particular interest to researchers in recent years are photonic crystals and 

metamaterials. Photonic crystals (PCs) are usually dielectric periodic structures of lattice 

constants comparable to the wavelength[15, 44]. The responses of PCs can be described 

well by the photonic band gaps in their dispersion diagram. We will leave the details of 

PCs in Chapter 5 when we discuss the light confinement with PCs in microcavities. On 

the other hand, if the lattice constants are small enough such that the periodic structures 

can be treated as homogeneous media, they are in the metamaterial regime. The upper 

limit of lattice constants of metamaterials is a quarter of wavelength (effective-

homogeneity limit)[45]. This limit ensures that the scattering or diffraction which is 

prominent in PC regime is much less important in this metametrial regime. Below this 

limit, electromagnetic waves only probe the averaged response from the entire periodic 
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structures with well defined constitutive permittivity ε and permeability µ. Since these 

artificial structures do not exist in nature, the effective ε and µ characterizing 

metamaterials can be very different from the ε and µ of materials in nature. 

 Several types of metamaterials and applications have been proposed in recent years 

including: chiral materials[46, 47], nonlinear optics[48, 49], super resolution[50], 

metamaterial absorber[51], and cloaking[52, 53], One of the most extensively studied 

topics is negative-index metamaterials. The idea of negative-refraction was first 

introduced by Veselago in 1968[54]. He concluded that when the ε and µ of a medium 

are simultaneously negative, the direction of phase velocity (determined by the 

wavevector) is opposite to the direction of power flow (determined by the Poynting 

vector). It was proved later that this requirement for negative refraction can be somewhat 

released with a condition given by Equation (2.1) , where εr and μr

55

 are the real part of ε 

and μ[ ]. The effectiveness of negative refraction is represented by the figure of merit 

(FOM) for negative-index metamaterials given by Equation (2.2) , where nr and ni(loss) 

are the real and imaginary part of refractive index n. Although the condition of 

simultaneously negative εr and μr

 

 is not necessary, this condition is still desired for 

achieving high FOM (low loss). 

𝜀𝜀𝑟𝑟|𝜇𝜇| + 𝜇𝜇𝑟𝑟|𝜀𝜀|𝑟𝑟 < 0 (2.1)   

 
𝐹𝐹𝐹𝐹𝐹𝐹 =

|𝑛𝑛𝑟𝑟|
𝑛𝑛𝑖𝑖

=
|𝜀𝜀𝑟𝑟|𝜇𝜇| + 𝜇𝜇𝑟𝑟|𝜀𝜀|𝑟𝑟 |
𝜀𝜀𝑖𝑖|𝜇𝜇| + 𝜇𝜇𝑖𝑖|𝜀𝜀|𝑟𝑟

 (2.2)   

 

While there are materials with negative ε such as metals, there are no materials in 

nature possessing negative μ at optical frequencies because of the weak interaction of 

atoms with magnetic field component. The investigation of negative refraction had not 
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drawn much attention before Pendry proposed the idea of using split-ting resonators 

(SRRs) to mimic magnetism to give negative μ at high frequencies in 1999[56]. 

Furthermore, Later in 2000, he also predicted that “perfect lens” can be constructed with 

negative index metamaterials to achieve resolution beyond the diffraction limit[57]. Since 

then, the negative index matamaterials have become of one of the hottest topics and 

(SRRs) have been extensively studied as negative permeability metamaterials[58-60].  

In this chapter, we study the properties of SRR structure. Based on theoretical 

understanding and numerical simulations, we design new SRR structures in the goal of 

achieving negative refractive index at visible wavelengths. Since the proposed structures 

can be asymmetric along the propagation direction, we also present the derivation an 

index retrieval method for structures with asymmetric responses to electromagnetic 

waves in the propagation direction. We show experimental results that confirm our 

theoretical perdition of negative refractive index at visible wavelengths. 

2.2 C har acter istics of SR R s 

SRRs are consisting of metallic loops or rings with small gaps. Their magnetic 

resonances can be excited by magnetic field component normal to the plane of the 

metallic rings to generate electromagnetic responses similar to the LC resonators. At their 

magnetic resonances, circulating currents are generated around the metallic loops and 

those currents in turn generate induced magnetic fields to oppose the incident magnetic 

fields based on Lenz’s Law. The induced magnetic fields could tailor the effective µ of 

SRRs. The magnetic resonance wavelength determined by resonance of the LC circuit is 

inversely proportional to the square root of the product of inductance and capacitance[61]. 

Because the values of both the effective inductance and capacitance of SRRs depend on 
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their size, the magnetic resonance wavelength scales proportionally with the size of SRRs 

in the microwave regime when metals acts as ideal conductors. However, when the 

wavelength approaches the metal plasma oscillation wavelength, metals can no longer be 

treated as ideal conductors. The metal plasma oscillation wavelength normally resides in 

the visible or ultraviolet regime. The size scaling of SRRs with resonance wavelength 

usually breaks down below infrared wavelengths. Therefore,  the wavelength of magnetic 

resonance of SRRs giving negative permeability has an lower limit at 800nm[62, 63]. 

Several variations of SRRs have been proposed to push the magnetic resonance 

wavelengths to visible regime [61, 62, 64, 65]. As mentioned previously, in order to 

achieve negative refractive index with low loss, it is desired to have simultaneously 

negative εr and µr. The SRRs mentioned in above references show negative µr

66

 only. 

Although it has been proposed that placing metal wire along with SRRs can achieve 

negative permeability and permittivity simultaneously [ ], the combination of metal 

wires with SRRs in 3D structure is extremely difficult in fabrication. To resolve the 

difficulties, we proposed a standing connected SRR structure that can give negative εr 

and μr simultaneously at visible wavelengths without incorporating metal wire.  
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Figure 2.1(a) Disconnected and (b) connected SRRs. The light polarization shown is TM 
with magnetic field H in the transverse (y) direction. 

First, the magnetic resonance need to be excited with magnetic field component 

normal to the plane of rings, oblique incidence was needed in other structures when the 

SRRs lie on sample surface. Our standing SRRs could relieve this requirement because 

there always can be a magnetic field component normal to the plane of our standing rings 

regardless of the incident angle. In other SRR structures, SRRs are usually disconnected. 

As opposed to disconnected SRRs shown in Figure 2.1(a), the structure shown in Figure 

2.1(b) is formed by connected SRRs. The continuous metal layer provides negative εr 

over a broad range of wavelengths similar to that of flat metal film. The introduction of a 

parallel capacitance reduces the total capacitance and increase the LC frequency which is 

inversely proportional to the resonance wavelength. The magnetic resonance and thus 

negative μr can be achieved at visible wavelengths. We will later discuss the optimization 

of the connected SRRs based on numerical analysis. 
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2.3 I ndex R etr ieval 

The effective permeability and permittivity can be retrieved from complex 

transmission and reflection coefficients as described in Reference[67]. However, for 

structure possessing asymmetry along the propagation direction, the transmission and 

reflection coefficients are also expected to be different from forward and backward 

propagation directions. The effective ε and μ can be asymmetric as well. While a 

modified retrieval method has been discussed to address this issue[68], this retrieval 

method only applies to unit cell that is periodic in the propagation direction. Here we 

derived a simpler set of equations to solve for the effective electromagnetic properties of 

any asymmetric structure 

 

Figure 2.2Transmission and reflection coefficients associated with a three-layer system. 
The thickness of layer 2 is d. Refractive index and impedance are dependent of 
propagation direction in layer 2 but are independent of propagation direction in 
layer 1 and 3. tmn represents the transmission coefficient from layer m to n 
while rmn

To accurately retrieve the effective material parameters, we consider a three-layer 

system depicted in 

 represents the reflection coefficient from layer n to m. 

Figure 2.2. With known refractive index and impedance in layer 1 and 

3, we want to solve for the asymmetric refractive index and impedance from measurable 

transmission and reflection coefficients. Measurable transmission and reflection 
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coefficients are given by Equation (2.3) and Equation (2.4)  for downward propagation 

and Equation (2.5)  and Equation (2.6)  for upward propagation. 

 𝑡𝑡𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑 =
𝑡𝑡12 exp(𝑖𝑖𝑛𝑛2𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑 𝑘𝑘𝑘𝑘)𝑡𝑡23

1 − 𝑟𝑟23 exp�𝑖𝑖𝑛𝑛2𝑢𝑢𝑢𝑢 𝑘𝑘𝑘𝑘� 𝑟𝑟21 exp(𝑖𝑖𝑛𝑛2𝑑𝑑𝑑𝑑𝑤𝑤𝑤𝑤 𝑘𝑘𝑘𝑘)
 (2.3)   

 𝑟𝑟𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑 = 𝑟𝑟12 + 𝑡𝑡𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑
𝑟𝑟23𝑡𝑡21

𝑡𝑡23
exp�𝑖𝑖𝑛𝑛2𝑢𝑢𝑢𝑢 𝑘𝑘𝑘𝑘� (2.4)   

 
𝑡𝑡𝑢𝑢𝑢𝑢 =

𝑡𝑡32 exp�𝑖𝑖𝑛𝑛2𝑢𝑢𝑢𝑢 𝑘𝑘𝑘𝑘�𝑡𝑡21

1 − 𝑟𝑟23 exp�𝑖𝑖𝑛𝑛2𝑢𝑢𝑢𝑢 𝑘𝑘𝑘𝑘� 𝑟𝑟21 exp(𝑖𝑖𝑛𝑛2𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑 𝑘𝑘𝑘𝑘)
 (2.5)   

 𝑟𝑟𝑢𝑢𝑢𝑢 = 𝑟𝑟32 + 𝑡𝑡𝑢𝑢𝑢𝑢
𝑟𝑟21𝑡𝑡23

𝑡𝑡21
exp(𝑖𝑖𝑛𝑛2𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑 𝑘𝑘𝑘𝑘) (2.6)   

 

Equation (2.3)  to (2.6)  can be rearranged into Equation (2.7)  to (2.10)  

 𝑡𝑡𝑢𝑢𝑢𝑢 𝑡𝑡𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑 − (𝑟𝑟𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑 − 𝑟𝑟12) �𝑟𝑟𝑢𝑢𝑢𝑢 − 𝑟𝑟32 + 𝑡𝑡32
𝑡𝑡21

𝑟𝑟23
� = 0 (2.7)   

 
exp�𝑖𝑖𝑛𝑛2𝑢𝑢𝑢𝑢 𝑘𝑘𝑘𝑘� =

(𝑟𝑟𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑 − 𝑟𝑟12)𝑡𝑡23

𝑡𝑡𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑 𝑟𝑟23𝑡𝑡21
 (2.8)   

 𝑡𝑡𝑢𝑢𝑢𝑢 𝑡𝑡𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑 − �𝑟𝑟𝑢𝑢𝑢𝑢 − 𝑟𝑟32� �𝑟𝑟𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑 − 𝑟𝑟12 + 𝑡𝑡12
𝑡𝑡21

𝑟𝑟21
� = 0 (2.9)   

 
exp(𝑖𝑖𝑛𝑛2𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑 𝑘𝑘𝑘𝑘) =

�𝑟𝑟𝑢𝑢𝑢𝑢 − 𝑟𝑟32�𝑡𝑡21

𝑡𝑡𝑢𝑢𝑢𝑢 𝑟𝑟21𝑡𝑡23
 (2.10)   

 

The transmission and reflection coefficients t12, t21, t23, t32, r12, r21, r23, and r32 can 

be represented in terms of z1, z2up, z2down, and z3. Therefore, z2up and z2down

(2.7) 

 can be solved 

from Eq. and (2.9) n2up and n2down (2.8)  can be solved from Equation and (2.10) 

with known  z2up and z2down. The effective μ and ε can be calculated from refractive index 

and impedance by µ=nz and ε=n/z. Thus, for any medium imbedded in other media of 

known ε and µ, material parameters which are either symmetric or asymmetric can be 

retrieved by this method. 
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2.4 Numer ical A nalysis 

In order to retrieve the effective ε and µ using Eq. (2.7) to (2.10) we used the finite-

difference-time domain (FDTD) method described in Appendix  

The Finite-Difference-Time-Domain Method to obtain the complex transmission and 

reflection coefficients for both downward and upward propagation. We applied 

dispersive refractive index of silver in the simulations. Grid size is set as 1 nm 

considering the penetration depth in silver is about 10 nm at visible wavelengths. Periodic 

boundary conditions were used to obtain the response of the entire periodic structures by 

simulating with only unit cell. The excitation source is set as plane wave with a pulsed 

temporal function for frequency analysis. The dispersive complex transmission and 

reflection coefficients could be calculated from the monitored temporal transmission and 

reflection functions using Fourier analysis.  

With simulated transmission and reflection coefficients, the effective ε and µ can be 

retrieved using Equation (2.7) to (2.10) The results are shown in Figure 2.3. Because both 

structures are asymmetric along the propagation direction, the effective ε and µ are 

different for light propagating upward and downward. At the magnetic resonance, the 

induced magnetic field can either be in the same or different direction of the external 

filed. The direction and strength of induced magnetic field can affect the effective 

permeability [56]. For disconnected SRRs, the induced magnetic field only exists inside 

the rings as seen from the field profile illustrated in Figure 2.4(a). For connected SRRs, 

the induced field exists both inside and in between the rings seen from the field profile 

illustrated in Figure 2.4(b). The stronger induced field results in the stronger response to 

magnetic field for connected SRRs compared to that for disconnected SRRs. Therefore, 
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while the real µr always stays positive for disconnected SRRs, negative µr can be 

achieved at around 825nm for connected SRRs in downward propagation. On the other 

hand, the electric resonance of disconnected SRRs is stronger than that of connected 

SRRs. Unlike disconnected SRRs, the electric response of connected SRRs is similar to 

that of a flat metal film. Negative εr

Figure 2.3

 can be achieved over a large bandwidth for 

connected SRRs above the electric resonance wavelength which is at about 800nm shown 

in  (d). It is interesting to see that εr and µr is of opposite sign if the 

propagation direction is opposite. Because of the mismatch between the polarity of εr and 

µr, negative εr and µr

 

 can’t be simultaneously achieved with the same propagation 

direction in this configuration. 

Figure 2.3(a) Retrieved real part of µ and (b) ε of disconnected SRRs depicted in Figure 
2.1 (a). (c) Retrieved real part of µ and (d) ε of connected SRRs depicted in 
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Figure 2.1(b). For both structures, n1 = 1, n2 = 1.55, Period = 220nm, W = 
100nm, H = 50nm, and HAg = WAg

 

=10nm. Black solid and red dashed curves 
are retrieved from upward and downward propagation respectively. 

Figure 2.4COMSOL simulations from Reference [69] for the (a) disconnected SRRs at 
the magnetic resonance wavelength (800 nm) and (b) connected SRRs at the 
magnetic resonance wavelength (570nm) showing the normal component of 
the magnetic field. The direction (normalized magnitude) of the electric 
displacement is shown with arrows. 

We tried to adjust several structure parameters of connected SRR in the goal of 

optimizing the electromagnetic response for realizing negative refractive index material. 

We found that simultaneous negative εr and µr

Figure 2.5

 can be achieved by adding a coating layer 

matching the index of substrate as shown in . 
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Figure 2.5(a) Diagram of the ideal symmetric connected SRRs made from 25 nm of Ag 
sandwiched by mr-I layers. Simulated (b) εr (c) µr and (d) nr

Appendix  
The Finite-Difference-Time-Domain Method

 with different 
damping factor α (associated with damping coefficient in 

) accounting for the variation in ε 
of the metal formed with different conditions[69]. 

2.5 E xper imental R esults 

To demonstrate the real sample of proposed structure, the structure is fabricated with 

nanoimprint lithography with procedures similar to Reference [69]. Spin-coated mr-I 

resist on silica substrate was imprinted with a SiO2

Figure 2.6

 grating mold with a period of 220 nm, 

depth of 50 nm and roughly 50% duty cycle by thermal nanoimprint lithography. A 

conformal silver coating of about 20 nm was deposited on imprinted mr-I. Another mr-I 

layer was coated on top of silver layer to match the index of the substrate. An SEM image 

of fabricated SRRs is shown in .  
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Figure 2.6SEM image from Ref. 13 of continuous SRRs without top mr-I coating. 

Ellipsometry spectra were measured with a Woollam variable angle spectroscopic 

ellipsometer WVASE32. tan(Ψ) and Δ represents the amplitude ratio and the phase 

difference between TE and TM transmission or reflection coefficients. The experimental 

curves of Ψ and Δ are given in Figure 2.7 (a) and (b). The simulated Ψ and Δ can be 

matched to the experimental results by adjusting the structure parameters and damping 

factor used in simulation. The small deviations between experiment and simulation may 

arise from the imperfections in fabrications such as inhomogeneous surface roughness or 

the deviation of permittivity of silver from bulk values near electric and magnetic 

resonances[70]. As both the amplitude and phase responses from experiment agree with 

simulation the simulation results, the retrieved electromagnetic parameters from 

simulation can be considered valid to describe the real sample. More accurate structure 

parameters than those measured from SEM image can also be obtained while searching 

for the match between simulation and experiment if the material properties are known. 

The height of structure is 15 nm smaller than the imprinting mold. The silver coating on 
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the sidewall is 5 nm thinner than the top and bottom because of the nonuniformity 

introduced by the directional silver deposition. The retrieved n shown in Figure 2.7 (c) 

shows that negative refractive index can be achieved around 590nm where retrieved εr 

and µr Figure 2.7 are simultaneously negative as shown in  (d). 

 

Figure 2.7Experimental and simulated (a) Ψ and (b) ∆. Retrieved (a) n and (b) µ and ε 
from simulated transmission and reflection coefficients. n1 = n2 = 1.45, 
Period=220nm, W=80nm, H=35nm, and HAg=20nm WAg

2.6 C onclusion 

=15nm. Black and 
red curves in (a) and (b) are from transmission and reflection ellipsometry 
respectively. 

In this chapter, we have studied the magnetic resonances of a type of periodic 

metallic nanostructures most commonly used for constructing negative index materials. 

With the help of FDTD simulations and our index retrieval method, we have analyzed 
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and optimized the electromagnetic responses of SRRs for negative refraction. With the 

help of nanoimprint and ellipsometry, we experimentally proved our prediction that 

connected SRRs can achieve negative index of refraction at 590nm. To the best of our 

knowledge, this structure demonstrates negative refraction with the shortest wavelength 

up to date. Last but not least, I would like to especially thank Alex Kaplan for his 

contributions to make this work complete. 

. 
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Chapter 3  

Ellipsometrically Probed Plasmonic Resonances in Arrays of 

Anisotropic Gold Nanoparticles 

3 

3.1 I ntr oduction 

 In Chapter 1, we discussed the characteristic of Localized surface Plasmon 

resonance (LSPR) which is a result of the collective electron density oscillations in 

metallic nanostructures. Excitation of LSPR by light results in local field enhancements 

and enhanced scattering and absorption of light. The resonant wavelength of LSPR 

depends on the size, shape, dielectric environment, and the type of material of the 

nanostructures[22]. LSPR can find applications in near-field microscopy[71], 

extraordinary light transmission[72], Plasmon waveguide[73], and many others. The most 

common widely investigated application of LSPR is sensing. There are two primary 

mechanisms for sensors utilizing LSPR. One is surface-enhanced Raman scattering 

(SERS) sensing which is based on amplified signal provided by the field enhancements. 

[74]The other is wavelength-shifting sensing which is based on the dependency of LSPR 

on its surrounding dielectric environment[75]. While both surface plasmon resonance 

(SPR) and LSPR has been exploited for sensor applications[8, 76]. However, sensors 

based on SPR require additional coupling mechanisms for light to be coupled from free 

space to the SPR modes. Phase detection has been shown to provide much higher 
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sensitivity than amplitude detection in SPR sensing[77-80]. However, LSPR sensing so 

far has been limited to extinction amplitude detection [81]. The phase associated with the 

light transmission through nanoparticles (NPs), which could carry useful information 

about the media, have largely been neglected partly due to the inability to create uniform 

and oriented NP arrays. A uniform array of anisotropic NPs has a LSPR wavelength that 

should depend on the polarization state of the excitation light[82]. The change of 

amplitude and phase of light passing through nanostructures should also depend on the 

polarization of excitation light.  

Here, we first present the polarization dependent LSPRs of anisotropic NP arrays 

with experiments and simulations.  Because spectroscopic ellipsometry (SE) provides 

ample information for metrology based on the polarization dependent optical properties 

of structured media[83], SE is used to study the amplitude and phase relationship of the 

polarization dependent LSPR. We associate the response in phase with amplitude using 

Kramers-Kronig relations and establish a model which could interpret the both the phase 

and amplitude information of any polarization dependent systems. 

3.2 E xper imental and Numer ical R esults                                                                                                             

While Metallic NPs can be fabricated by using chemical synthesis it is difficult to 

immobilize them on a substrate for sensor applications and is difficult to obtain uniform 

distribution and spacing[84]. Similar to Chapter 2, the fabrication technique used to 

precisely control the size, shape and spacing of the NPs was based on nanoimprint 

lithography (NIL)[85, 86]. The nanoimprinting was performed by using a nanostructure 

mold followed by metal deposition and a lift-off process. Large area NP arrays with 

different shape as well as different distribution can be fabricated using this approach. 
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Figure 3.1 shows the SEM pictures of two examples of the NIL molds as well as the 

arrays of metallic NPs fabricated by using this technique. The large area NIL molds were 

made by successive imprints of two gratings. The mold patterns can be controlled by the 

orientation of the gratings and thus can give accurate control of the shape and alignment 

of metallic NPs. Details of the fabrication process can be found in Reference [87]. It is 

the perfect alignment of these large area nanostructures that leads to the polarization 

dependency of LSPR. 

 

Figure 3.1SEM images of representative NIL molds (top) and imprinted metallic NP 
arrays (bottom) of (a) diamond and (b) rectangular shape. For the rectangular 
NP array, the in-plane dimensions of NPs are 115 nm and 128 nm and the 
lattice constant is 200 nm. 
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Figure 3.2(a) Measured extinction spectrum of a rectangular gold NP array and (b) 
simulated extinction spectrum of both a rectangular (dashed) and elliptic (solid) 
gold NP array where spectrum A is measured for excitation light polarized 
along the longer axis of the rectangular NPs, spectrum C for the shorter axis, 
and spectrum B is for unpolarized light.  

The gold NPs with rectangular shape as shown in Figure 3.1 (b) has in-plane 

dimensions of 115 nm and 128 nm.  The slight anisotropy of the structure leads to the 

dependence of LSPR on the polarization state of the excitation light and presents itself as 
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a suitable candidate for SE study. Light polarized along the longer in-plane axis of the 

rectangular NPs is expected to excite LSPR at longer resonant wavelengths and vice 

versa. Our measured extinction spectrum shown in Figure 3.2 (a) corroborates this 

statement.  

We used the finite-difference-time domain (FDTD) method described in 

Appendix  

The Finite-Difference-Time-Domain Method to obtain the extinction spectrum. With 

conditions similar to Chapter 2, we applied dispersive refractive index of gold in the 

simulations. Grid sizes are set as 1 nm because the penetration depth in gold is also about 

10 nm at visible wavelengths. The simulation is performed with only one unit cell 

because periodic boundary conditions were used to effectively obtain the response of the 

entire periodic structures. The excitation source is set as plane wave with a pulsed 

temporal function for frequency analysis. The extinction which includes both the 

scattering and absorption can is directly related to the transmission. Dispersive spectrum 

can be obtained with Fourier analysis. The simulated extinction spectra of NP arrays are 

shown in Figure 3.2 (b). However, the simulated LSPRs of rectangular NPs are at slightly 

longer wavelength than measured LSPRs. To better match the simulated spectrum to the 

measured one, we also simulated the case for elliptical-shaped NP array to mimic the 

rounded edge of rectangle of real structure. A better match was seen with this 

modification. 

To acquire information for both the phase and amplitude change of light passing 

through the arrays of rectangular shape gold NPs , we used SE in transmission mode at 

normal incidence in our experiment. SE measures the complex ratio of two orthogonal 
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transmission coefficients ρ of two orthogonally linear polarization states of light, with 

tan(ψ) representing the magnitude and Δ representing the phase angle of ρ. The measured 

results with different angles of orientation of rectangular NP arrays are shown in Figure 

3.3. The angle of orientation (θ) of the rectangular NPs is defined as the angle between 

the shorter axis of rectangular NPs and the SE defined axis for the p-polarization. 

 

Figure 3.3Measured (solid) and calculated (dashed) curves of rectangular gold NP array 
for (a) tan(ψ) at θ = 0 degree, (b) cos(Δ) at θ = 0 degree, (c) tan(ψ) at θ = 45 
degree, and (d) cos(Δ) at θ = 45 degree 
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Figure 3.4Measured Δ of a diamond gold NP array shown in Figure 3.1 (a). 

In order to interpret the measured SE results of the rectangular NPs, we modeled 

the optical transmission though the NP sample using Jones matrices as illustrated in 

Figure 3.5.  The transmission coefficients through the NP sample are denoted as tLon g and 

tShor t

(3.1) 

 for electric field polarized along the long and short axis of the rectangular NPs 

respectively. By appropriate coordinate transformations, the overall Jones matrix can be 

obtained and the complex ratio of two orthogonal transmission coefficients is given by 

Equation  
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Figure 3.5Configuration of transmission SE and construction of Jones matrices. Ep and 
Es are the electric field components for the SE defined p and s polarizations. 
ELong and EShort are the electric field components polarized along the long and 
short axis of the NPs. θ  is the angle of between Ep and EShort or Es and tLong. 
tLong and EShort

Writing transmission coefficient t in the form of e

 are the complex transmission coefficients polarized along the 
long and short axis of the NPs. 

α+iδ for both polarizations to 

account for the amplitude and phase change for light transmitted through the NP array, 

the real part of the exponent αL and αS

Figure 3.2

 polarized along the long and short axis can be 

extracted from the extinction spectra in  (a). However the phase information 

cannot be obtained simply through measurement of extinction. We were interested to find 

out if the phase information can be obtained without the need of ellipsometry.  

We noted that for the propagation through a homogenous medium, α and δ are 

both associated with the wavevector β because α+iδ=iβd, where d denotes the thickness 

of the medium. This equation can in turn be written as α+iδ = i(1+ χ’+iχ”)1/2β0
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and χ” denote the real and imaginary parts of the susceptibility and β0 denotes the 

wavevector in free space. χ is small for many dielectric materials. The equation can be 

approximated by α+iδ ≈ (1+ χ’/2+iχ/2”)β0d where α ≈ -χ/2”β0d and δ ≈ (1+ χ’/2)β0

(A.13) 

d. 

From the Lorentz model described by Equation we can see that the real χ’ and χ” 

are related. It is well known that for any linear and causal systems, the real and imaginary 

part of the response can be related through Kramers-Kronig[88] relations given by 

Equation (3.2) and Equation (3.3)  

 𝜒𝜒′(𝜔𝜔) =
−1
𝜋𝜋
𝑃𝑃�

𝜒𝜒"(𝜔𝜔)
𝜔𝜔′ − 𝜔𝜔

𝑑𝑑𝑑𝑑′
∞

−∞
 (3.2)   

 
𝜒𝜒"(𝜔𝜔) =

1
𝜋𝜋
𝑃𝑃�

𝜒𝜒′(𝜔𝜔)
𝜔𝜔′ − 𝜔𝜔

∞

−∞
𝑑𝑑𝑑𝑑′ (3.3)   

 

We treat the rectangular NP array as a metamaterial characterized by a 

homogeneous susceptibility χ because the ratio of the lattice constant (200nm) to the 

wavelength of interest (500 nm to 1000 nm) roughly meets the quarter wavelength 

homogeneity condition described in Chapter 2. From previous derivations, χ’’ can be 

calculated from absorption coefficient α, and the χ’ can be calculated through the use of 

Kramers-Kronig relations. Phase shift δ can thus be retrieved from χ’. With a complete 

description of transmission coefficients tL and tS

Figure 3.3

, the complex ratio of two orthogonal 

transmission coefficients ρ and therefore tan(ψ) and Δ can be calculated. Using this 

model, excellent agreement between the measured and calculated results is shown in 

. This model can help to understand of both amplitude and phase information 

from simple extinction measurement and Kramers-Kronig relations It can predict the 
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sensitivity of ellipsometrically probed LSPR to their structural characteristics and 

dielectric environments without using complicated instrumentation of ellipsometers. 

The phase difference in rectangular NP array is relatively small due to the slight 

asymmetry of the structure. However, for the NP arrays of diamond shape as shown in 

Figure 3.1 (b), the optical response is quite different and strong in phase. In our 

measurement, Δ, the difference between phase shift in transmission coefficients of p-

polarized and s-polarized light, can be larger than half π at near infrared as shown in 

Figure 3.4. As a comparison to the thickness of optical retarder made of crystal which is 

usually several microns thick, the thickness of NPs is only 20nm. The array diamond NPs 

thus can be potentially used to fabricate compact optical devices and find applications in 

integrated optics. 

 

3.3 C onclusion 

In this chapter, we were able to use NIL to fabricate various gold nanostructures 

exhibiting LSPRs with pronounced polarization dependence. We showed that SE is a 

very effective method to study the response in phase in addition to amplitude of the 

polarization dependent LSPR. Phase could bring up more information and further 

increase the sensitivity for LSPR-based sensing applications. The theoretical model 

described above can help to interpret measured results from SE and also predict the 

sensitivity of SE assisted LSPR sensing. Moreover, current LSPR sensing relies on 

monitoring the shift of the whole extinction spectrum in order to minimize the 

contribution due to external disturbances from background. SE can ratio out the external 

disturbance and profuce more reliable information for the LSPR spectrum. Polarization 
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dependent LSPR can further increase sensitivity by comparing LSPR specta at different 

polarizations as opposed to monitoring only one LSPR spectrum. Combining polarization 

dependent LSPR with SE can potentially yield a highly sensitive method for the detection 

of chemicals and biomolecules by acquiring complete amplitude and phase information 

of the LSPR. In addition, I would like to express my gratitude to Brandon Lucas for his 

contributions to this work. 
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Chapter 4  

High Q Long-Range Surface Plasmon Polariton Modes in Sub-

Wavelength Metallic Microdisk Cavity 

4 

4.1 I ntr oduction 

In the previous two chapters, we studied structures that have features much smaller 

than the wavelength. The electromagnetic properties of those structures are characterized 

by their effective parameters, scattering resonance, and absorption resonances. In this and 

the next chapter, structures of with features comparable to the wavelength are considered. 

Their electromagnetic properties, on the other hand, need to be treated with diffraction 

and geometrical optics. Nonetheless, these structures still respond to light in a much 

different way than large scale optical devices.  

Subwavelength optical cavities are potentially useful as building blocks for 

integrated photonic circuits. For this purpose, it is highly desirable to scale the optical 

cavities to sub-wavelength in all three dimensions. Microdisk cavities have been 

proposed and investigated as sub-wavelength semiconductor lasers[89]. However, the 

lateral dimension of the traditional microdisk cavities is still limited to the scale of free 

space wavelength (λ0

90

) because large radiation (or scattering) loss in whispering-gallery 

mode (WGM) limits the attainable cavity Q factor when the disk diameter (D) is smaller 

than λ[ , 91]. Because metal can provide strong confinement of light which reduce 



36 

 

radiation loss, studies of metallic cavities have been rapidly growing in recent years in 

order to design deep sub-wavelength optical cavities. However, the loss introduced by 

metal limits the cavity Q factor below 300 for sub-wavelength metallic cavities[92-94]. 

The limit on cavity Q factor prevents such cavities to lase at room temperature. Efforts 

have been put to increase Q by incorporating low index materials[95, 96]. High Q 

semiconductor based sub-wavelength cavities are important for building electrically 

pumped lasers. In this chapter, we show that the Q of metal-capped semiconductor 

microdisk is primarily limited by metal loss; and introducing a novel structure of thin 

metal sandwiched between semiconductor disks would drastically reduce the metal loss 

and increase Q. 

4.2 Q F actor s of M icr odisk C avities 

In traditional microdisk cavities the transverse confinement of the resonance modes 

is provided by the typical dielectric confinement of the air-cladded waveguide. To ensure 

that only the lowest order mode of the waveguide exists, the waveguide thickness need to 

be smaller than λ0/2ns where ns 97 is the refractive index of semiconductor disk[ ]. The 

effective refractive index (neff) of the lowest order waveguide mode is usually more than 

1.5 times smaller than ns. The reduction in neff

98

 introduces large radiation loss in WGM 

and cavity Q is reduced drastically especially for sub-wavelength diameter, D[ ]. The 

metal-capped microdisk structure has been proposed to increase neff

Figure 4.1

 and therefore Q as 

illustrated in  (a)[99]. For the surface plasmon polariton (SPP) guided WGM 

supported in the metal-capped microdisk cavity, waves are confined in the transverse 

dimension by the SPP mode at the metal-dielectric interface. As discussed in Chapter 1, 

the neff of the SPP mode is always larger than ns and is thus much larger than the neff of 
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air cladded waveguide in traditional microdisks[100]. Therefore, the Q of WGM can be 

increased for subwavelength size cavities due to the improved optical confinement which 

minimizes the radiation loss. However, the additional metal loss experienced by SPP 

mode also puts a limit on the overall Q of SPP guided WGM. In the newly proposed 

structure illustrated in Figure 4.1 (b), the transverse confinement is provided by long-

range surface plasmon polariton (LRSPP) confined in a thin metal film sandwiched 

between two layers of dielectrics with the same index. This LRSPP mode experiences a 

much lower metal loss and can elevate the limit on the Q of metallic microdisk cavity. To 

study the behaviors of the SPP as well as LRSPP guided WGM, we used the finite-

difference-time-domain (FDTD) method to simulate the resonance behaviors and 

specifically the Q of proposed metallic microdisk structures. 

 

 

Figure 4.1(a) Metal-capped microdisk cavity supporting SPP guided WGM and (b) 
metal-sandwiched microdisk cavity supporting LRSPP guided WGM. Tmetal 
and Tgain denote the thickness of Ag and Gain region. D denotes the disk 
diameter. Ttop and Tbottom in (b) denote the thickness of GaAs disk above and 
beneath Ag layer respectively. 
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4.3 Simulation C onditions 

The FDTD simulation is described with more details in Appendix  

The Finite-Difference-Time-Domain Method. The metal is chosen to be silver for 

minimizing the metal loss. The refractive index of metal nmetal is assigned as 0.13+10.1i 

for silver at λ=1400 nm[101]. The refractive of semiconductor nsemi is assigned as 3.4 

for GaAs. In FDTD simulation, in order to resolve the smallest fields and structures the 

grid size needs to be 10 times smaller than both the effective wavelength (λ0/neff) and the 

size of the smallest structures.  In the lateral dimension, using a grid size of 30 nm fulfills 

the above two requirements for wavelength assumed as 1400 nm and D larger than 300 

nm. In the transverse dimension, the grid size is chosen to be 2 nm in metal and 18nm in 

semiconductor considering that the penetration depth of SPP mode is 21 nm into silver 

and 184 nm into GaAs at λ0

102

 = 1400 nm. The source for exciting SPP mode is in TM 

polarization which has the transverse magnetic field component perpendicular to the 

metal-semiconductor interface and is placed at metal-semiconductor interface in order to 

excite SPP or LRSPP mode by end-fire coupling[ ]. The temporal function of 

excitation is set as pulse for frequency analysis. Cavity Q factors can be calculated by 

estimating FWHM when Q is low and by complex frequency analysis when Q is high 

(over 1000) as discussed in Appendix  

The Finite-Difference-Time-Domain Method 
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Figure 4.2(a) Lateral (Z = 0) and (b) transverse (X = 0) mode patterns of SPP guided 
WGM for the metal-capped structure depicted in Fig. 1a with infinite Tbottom. 
(c) Transverse (X =0) mode pattern of LRSPP guided WGM for the metal-
sandwiched structure depicted in Figure 4.1(b) with Tmetal = 100 nm and (d) 
with Tmetal = 20 nm. Ttop and Tbottom are assumed as infinite. The coupling 
between modes at two metal-semiconductor interfaces is stronger in (d) with a 
smaller Tmetal than in (c) with a larger Tmetal

4.4 M etal-C apped M icr odisk C avity 

. 

Waves propagating in the metal-capped microdisk cavity depicted in Figure 4.1 (a) 

are simulated by FDTD. The thickness of metal layer Tmetal is assumed as 200 nm 

which is thick enough to prevent SPP mode at the metal-semiconductor interface from 

being coupled to the metal-air interface. We first consider a passive cavity by assuming 

the thickness of gain region Tgain as 0. We also ignore the radiation into substrate by 

assuming TBottom as infinite. Cavities with nonzero Tgain and finite Tbottom will be 
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studied in later sections. The mode profile in Figure 4.2 (a) reveals that the lateral 

confinement in x-y plane is provided by WGM just like in traditional microdisk cavities. 

On the other hand, the transverse mode profile in Figure 4.2 (b) reveals that the 

transverse confinement in the z dimension is provided by SPP mode with amplitude that 

peaks at metal-semiconductor interface and decays exponentially into both metal and 

semiconductor layers. In (a) Q of air-cladded waveguide guided, SPP guided, and LRSPP 

guided WGM with various Tmetal versus disk diameter. Ttop and Tbottom are assumed as 

infinite. The mode with smallest D/λ on each curve has a mode number m = 3. Mode 

difference between adjacent modes on each curve is 1. For Tmetal=200 nm, the Q of 

LRSPP guided is identical to SPP guided WGM because there is no coupling between 

modes at two Ag-GaAs interfaces. (b) Q LRSPP versus Tmetal  (a), the simulated Q at λ0 = 

1400 nm corresponding to the metal-capped microdisk cavity in 

.

Figure 4.1 (a) is 

compared with traditional microdisk cavity with air cladding. The thickness of traditional 

microdisk is assumed to be 200 nm which is just below λ0

(4.1) 

/2ns for ensuring single 

waveguide mode. The Q of SPP guided WGM, QSPP+WGM, is limited by two factors 

expressed in Equation One is SPP limited Q, QSPP, which accounts for the metal 

loss experienced by the propagating SPP mode due to penetration into the metal layer. 

The other is WGM limited Q, QWGM, which accounts for the radiation loss experienced 

by WGM in the lateral direction. 

 
1

𝑄𝑄𝑆𝑆𝑆𝑆𝑆𝑆+𝑊𝑊𝑊𝑊𝑊𝑊
=

1
𝑄𝑄𝑆𝑆𝑆𝑆𝑆𝑆

+
1

𝑄𝑄𝑊𝑊𝑊𝑊𝑊𝑊
 (4.1)   

For D/λ below 0.7, the radiation loss is larger than the metal loss. QSPP+WGM is 

primarily limited by QWGM. For D/λ above 0.7, the metal loss is larger than the radiation 

loss. The upper bound of QSPP+WGM is QSPP independent of disk size. QSPP is 306 for Ag 
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and GaAs system at λ0 = 1400 nm. On the other hand, the Q of air-cladded waveguide 

guided WGM is limited by radiation loss only. The effective index of air-cladded 

waveguide (neff = 2.74) is smaller than that of SPP mode (neff

Figure 4.1

 = 3.61) and introduces a 

large radiation loss of WGM. The metal-capped microdisk scales more favorably than the 

air-cladded microdisk for smaller size microcavities by providing higher Q’s: as D/λ goes 

below 0.86, the overall Q of air cladded waveguide guided WGM drops below QSPP of 

the metal-capped microdiskas shown in  (a). By using SPP transverse 

confinement, the radiation loss limited Q of traditional microdisk that exponentially 

depends on the diameter of microcavity is giving away to the metal-limited loss in SPP. 
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Figure 4.3 (a) Q of air-cladded waveguide guided, SPP guided, and LRSPP guided WGM 
with various Tmetal versus disk diameter. Ttop and Tbottom are assumed as 
infinite. The mode with smallest D/λ on each curve has a mode number m = 3. 
Mode difference between adjacent modes on each curve is 1. For Tmetal=200 
nm, the Q of LRSPP guided is identical to SPP guided WGM because there is 
no coupling between modes at two Ag-GaAs interfaces. (b) Q LRSPP versus 
Tmetal. 
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4.5 M etal-Sandwiched M icr odisk C avity 

For metal-capped microdisk cavity, the Q is primarily limited by the metal loss 

which depends on the overlapping of electric field of the cavity modes with metal. The 

metal loss can be reduced by introducing LRSPP mode supported in a thin metal film 

sandwiched between identical semiconductor layers. The magnitude of metal loss is 

determined by the fraction of field inside the metal. LRSPP is the coupled mode of 

surface waves at two metal-semiconductor interfaces. When metal film is thick, surface 

waves propagating at two metal-semiconductor interfaces are not coupled and they 

propagate as two independent SPP modes. When metal film becomes thin, the two 

surface waves interact with each other and form a coupled surface plasmon mode. Such 

coupled surface plasmon mode has field penetrates more into bounding semiconductors. 

The penetration depth into GaAs is plotted against Ag thickness in Figure 4.3 (b) This 

results in the decrease of the fraction of field inside the metal and therefore the decrease 

of metal loss of such coupled mode[103], leading to longer propagation length and hence 

the name long-range SPP.  The proposed metal-sandwiched microdisk structure depicted 

in Figure 4.1 (b) supports LRSPP in the transverse dimension by introducing a thin metal 

disk sandwiched between semiconductor disks. Again, we consider a passive cavity by 

assuming Tgain as 0 and ignore the radiation into substrate at bottom and air on top by 

assuming both Ttop and Tbotto m as infinite. Cavities with nonzero Tgain, finite Ttop and 

finite Tbottom

Figure 4.2

 will be studied in later sections. The lateral mode pattern of metal-capped 

microdisk cavity has a WGM profile as in  (a). The transverse mode profiles in 

Figure 4.2 (c) and Figure 4.2 (d) reveal that the LRSPP modes are coupled modes 

propagating at both metal-semiconductor interfaces.  Thicker metal has weaker coupling 
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of two modes and less field penetration into semiconductor as show in Figure 4.2 (c). 

This leads to only a small amount of decrease of metal loss. Thinner metal has stronger 

coupling of two modes and more field penetration into semiconductor as show in Figure 

4.2 (d). This leads to a larger amount of decrease of metal loss. In Figure 4.4 (a) the 

simulated Q at λ=1400 nm corresponding to the metal-sandwiched microdisk cavity is 

shown for different Tmetal. The cavity Q of LRSPP guided WGM for Tmetal=200 nm 

coincides with SPP guided WGM because the surface wave at each interface propagates 

as uncoupled SPP mode for thick metal. Similar to SPP guided WGM, the Q of LRSPP 

guided WGM, QLRSPP+WGM (4.2) , is limited by two factors expressed in Equation.  

 
1

𝑄𝑄𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿+𝑊𝑊𝑊𝑊𝑊𝑊
=

1
𝑄𝑄𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿

+
1

𝑄𝑄𝑊𝑊𝑊𝑊𝑊𝑊
 (4.2)   

 

For D/λ below 0.7, QLRSPP+WGM is also primarily limited by QWGM as in the case for 

QSPP+WGM. QLRSPP+WGM is slightly smaller than QSPP+WGM because of the smaller neff of 

LRSPP mode relative to SPP mode. For D/λ larger above 0.7, QLRSPP+WGM is no longer 

capped by QSPP at about 310 as in the case of QSPP+WGM. QLRSPP keeps increasing as D/λ 

increases. The upper limit of QLRSPP+WGM is set by QLRSPP which is larger with smaller 

Tmetal Figure 4.3 (a) Q of air-cladded waveguide guided, SPP guided, and LRSPP guided 

WGM with various T

. 

metal versus disk diameter. Ttop and Tbottom are assumed as infinite. 

The mode with smallest D/λ on each curve has a mode number m = 3. Mode difference 

between adjacent modes on each curve is 1. For Tmetal=200 nm, the Q of LRSPP guided 

is identical to SPP guided WGM because there is no coupling between modes at two Ag-

GaAs interfaces. (b) Q LRSPP versus Tmetal  (b) shows the Q. LRSPP with varying Tmetal. This 

put an upper limit for QLRSPP+WGM with fixed Tmetal. For Tmetal =20 nm, QLRSPP+WGM can 
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reach about 4800. The range where cavity Q of metallic microdisk cavity is larger than 

traditional microdisk is expended for any microdisks with D/λ below ~1.15. The 

achievable QLRSPP+WGM can be further increased by using smaller Tmetal.  As a comparison, 

cavity Q is about 270, 310, and 4400 for tradional microdisk, metal-capped microdisk, 

and metal-sandwitched microdisk with Tmetal = 20 nm when D/λ is about 0.85. 
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Figure 4.4(a) Threshold gain required for air cladding waveguide guided, SPP guided, 
and LRSPP guided WGM with various Tmetal versus disk diameter. Ttop and 
Tbottom are assumed as infinite. The mode with smallest D/λ on each curve has 
an azimuthal mode number m = 3. Mode number difference between adjacent 
modes on each curve is 1. (b) Threshold gain required for lossless propagation 
of LRSPP versus Tmetal. Tgain is assumed as 100 nm. 
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4.6 T hr eshold G ain to C ompensate C avity L oss 

When utilizing the cavity in laser, the threshold gain determines the lasing properties. 

The threshold gain required to compensate the cavity loss is not only related to the cavity 

Q but also the confinement factor of the mode in the gain region. For SPP and LRSPP 

modes, field peaks at metal-semiconductor interfaces. Placing the gain layer right next to 

the interface as shown in Fig. 4-1(a) and (b) can provide the largest confinement factor. 

For single mode waveguide, field peaks at the center of waveguide.  Placing the gain 

layer at the center of air-cladded waveguide can provide the largest confinement factor. 

For LRSPP guided WGM, while Q increases with smaller TAg, the confinement factor 

decreases due to the larger penetration depth.  The overall affect of varying Tmetal

Figure 4.4

 on 

threshold gain can be studied by simulation.  (a) shows the threshold gain for 

traditional microdisk with air cladding, metal capped microdisk, and metal sandwiched 

microdisk of various Tmetal. The metal-capped microdisk has a lower threshold gain than 

traditional microdisk with air cladding for D/λ up to 0.85 because of the larger Q. 

However, for D/λ between about 1 and 1.15, although the metal-sandwiched microdisk 

with Tmetal

Figure 4.4

 of 20 nm has a higher Q, the weaker confinement of LRSPP mode makes the 

threshold gain of metal-sandwiched microdisk larger. The metal sandwiched microdisk 

has a lower threshold gain than traditional microdisk with air cladding for D/λ up to 1 

instead of 1.15. 

 (b) shows the required gain to compensate the propagation loss of LRSPP 

mode with varying Tmetal. This required gain represents the lowest threshold gain of metal 

sandwiched microdisk with fixed Tmetal. For Tmetal larger than 50 nm, the lowest threshold 

gain is larger than that for metal-capped microdisk at about 670 cm-1. This is because the 
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field existing in the top semiconductor layer reduces the confinement factor in the gain 

region. For Tmetal smaller than 50 nm, the lowest threshold for metal sandwiched 

microdisk is smaller than metal-capped microdisk and can be reduced to about 170 cm-1 

for Tmetal of 20 nm. To illustrate the effectiveness of this approach, the threshold gain can 

be further reduced to 60 cm-1 and 25 cm-1 for Tmetal of 10nm and 5nm. As a comparison, 

threshold gain is about 730 cm-1 and 670 cm-1 for traditional microdisk and metal-capped 

microdisk when D/λ is about 0.85. This reduction in threshold gain is crucial considering 

that the maximum modal gain achieved in QDs and QWs on GaAs substrate is about 50 

cm-1 104 at wavelength above 1.3µm[ , 105]. 
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Figure 4.5Threshold gain of LRSPP guided WGM (a) versus Ttop. (b) versus Tbottom for m 
= 8 assuming the thickness of gain region Tgain

4.7 Size L imit in the T r ansver se Dir ection 

 = 100 nm 

The above calculations are based on infinitely thick semiconductor disks. However, 

in order to achieve subwavength cavity in all three dimensions, we need to consider finite 

semiconductor layers Ttop and Tbottom which can affect the transverse mode and the cavity 
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Q factor. In Fig. 4-5(a), cavity Q of LRSPP guided WGM is plotted against finite Ttop 

while assuming infinite Tbottom with different Tmetal for azimuthal mode number of 8 

which has D/λ just below 1. Since the reduction of metal relies on the symmetry of the 

refractive indices of semiconductors on two sides of the metal, Ttop need to be thick 

enough to provide the symmetry for LRSPP mode to exist. Threshold gain starts to 

approach the value for perfectly symmetric structure as shown in Fig. 4-4(b) when top 

semiconductor layer is thick enough for supporting LRSPP. Threshold gain approaches 

the value for SPP guide WGM when TTop

In 

 approaches 0 if metal is thick.  

Figure 4.5 (b), cavity Q of LRSPP guided WGM is plotted against finite Tbottom 

while assuming infinite Ttop with different Tmetal for mode number of 8. Tbottom needed to 

achieve minimum threshold gain is related to the penetration depth since cavity with 

smaller Tbottom causes larger radiation into GaAs substrate and increases the threshold 

gain. For Tmetal of 20 nm, threshold gain smaller than 200 cm-1 can still be achieved for 

diameter of 1400 nm by choosing Ttop of 400 nm and Tbottom

4.8 C onclusion 

 of 900 nm for cavity size 

being subwavelength in all three dimensions. 

In this chapter, we have analyzed the scaling property of novel metallic microdisk 

cavities. Simulation results tell us that metal-capped microdisk can provide larger cavity 

Q factor and lower threshold gain than the traditional microdisk cavity with air cladding 

when the disk diameter scales below wavelength. The cavity Q of metal-capped 

microdisk is primarily limited by the metal loss. LRSPP mode is known to have less 

overlapping electric field with metal which leads to the reduction of metal loss. Metal-

sandwiched microdisk provides even larger cavity Q and lower threshold gain by 
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incorporating LRSPP. Cavity Q over 4000 and threshold gain below 200 cm-1 

Chapter 5

can be 

achieved for cavity size being subwavelength in all three dimensions with this type of 

novel microcavities. In , we will introduce another type of microdisk cavities 

that that could totally eliminate metal loss with purely dielectric structures.  
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Chapter 5  

Photonic crystal microdisk lasers 

5 

5.1 I ntr oduction 

 Microdisk and photonic crystal cavities have been investigated for sub-wavelength 

semiconductor lasers as the cavity modes have relatively high Q factor among all micron 

size cavities[89, 106, 107]. In Chapter 4, we discussed the design of microlasers using 

metallic microdisk cavities. In this chapter, we utilize photonic crystals instead of metals 

to provide light confinement in the transverse dimension for microdisk cavities.  

The performances of microlasers not only relate to Q factor but also mode volume of 

the laser cavity. Cavity modes with a high Q factor and a small mode volume lead to a 

large Purcell factor and a low threshold modal gain for lasing[108]. In a microcylinder 

(e.g. a very thick microdisk), the mode area of Whisperirng Gallery Mode (WGM) in the 

lateral plane reduces linearly with the microdisk diameter[109]. However, the mode size 

of air-cladded waveguide mode in the transverse dimension does not scale linearly with 

the disk thickness and has a lower bound set by the scale of wavelength. One strategy to 

reduce the mode size in the transverse dimension is to introduce metallic coating on 

microdisk as described in Chapter 4 to support surface mode at the metal-dielectric 

interface or surface plasmon polariton (SPP) mode. Such surface mode is tightly bound to 

the metal-dielectric interface with decay lengths much smaller than the wavelength. The 
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small mode size of SPP mode leads to the small mode volume of the SPP-guided WGM. 

However, the loss introduced by metal sets an upper bound for the achievable Q factor of 

any SPP-guided modes including SPP-guided WGM. The achievable cavity Q factor is 

below 300 at any wavelengths below 1.5μm, which demands significant gain or pumping 

to lase. To produce surface wave, the most commonly used medium with negative real 

part of dielectric constant ε is metal, but the nonzero imaginary part of ε leads to metal 

absorption loss. In view of this, it is very attractive to consider photonic crystal (PC) 

structures made of dielectric materials, which can provide an equivalent ε purely negative 

inside the forbidden band[110]. This means that surface modes can also be supported at 

the interface of a dielectric PC and a uniform dielectric medium. More importantly, the 

propagation loss of such surface mode can be zero with the zero imaginary part of the 

effective ε, which leads to very sharp angular reflectivity resonances in experiments on 

prism-coupled excitation of surface waves in 1D PC[111]. The lossless propagation of 

surface mode in dielectric PCs offers the unique advantages for laser application over the 

SPP on metal surfaces. To create a small mode volume cavity with high Q factor, we 

designed stacked bilayers forming 1D PC along the transverse (i.e. vertical) dimension of 

microdisk cavity as illustrated in Figure 5.1 (a). Such surface mode guided WGM on PC 

microdisk can has a much higher Q factor than the SPP-guided WGM that suffers from 

the metal loss. Later in this chapter, we study their optical properties and demonstrate 

lasing in PC microdisk cavities fabricated on GaAs substrate with InGaAs quantum dots 

as gain media emitting at around 1μm.  
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Figure 5.1(a) PC microdisk cavity supporting surface mode guided WGM. n1 and n2 
denote the two refractive indices; a and b are the thickness of dielectric 
bilayers in each period of PC. The sketched curves represent the surface modes 
guided in the PC layers in the transverse direction. (b) The lateral and (c) 
transverse cavity mode profile (Hz) of the structure in (a) with four periods and 
disk diameter of 1000nm when n2 = 3.5, n1 = 3.1, and a = b =300nm. 

5.2 Sur face M ode G uided W G M  

The properties of surface modes in 1D PC structure as depicted in Figure 5.1 (a) are 

studied by transfer matrix method calculations[112].The electromagnetic fields in each 

layer (unit cell) is represented by a incident wave and a reflected wave. By applying the 

boundary condition, the dispersive wavevector and field profiles can be found for each 

mode. The properties of PC microdisk cavities are studied by FDTD simulations. In all 

calculations and simulations, free space wavelength of 1000nm is assumed and n1 and n2 

are assumed as 3.1 and 3.5 for Al0.9Ga0.1

Figure 

5.2

As and GaAs at the wavelength of 1000nm. 

Surface mode can be guided only when the equivalent ε of PC is negative. The sign of 

equivalent ε at a specific wavelength is determined by the band structure plotted in 

 (a) where a = b = 300nm is chosen for supporting surface mode with relatively large 
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effective index. A 1D PC with infinite number of periods can serve as a perfect Bragg 

reflector in the forbidden bands. Just like ideal metal can serve as a perfect reflector 

because of its purely negative ε, the perfect Bragg reflector formed by 1D PC also posses 

equivalent ε being purely real and negative in the forbidden bands, which leads to 

evanescent electromagnetic waves in the PC structure.  

 

 

Figure 5.2(a) Band structure of infinite 1D PC for TE waves (electric field in y direction) 
n2 = 3.5, n1 = 3.1, and a = b = 300nm, where the forbidden and allowed bands 
are illustrated. The guided modes for finite 1D PC of four periods are 
illustrated by curves numbered from 1 to 4. (b) Transverse electric field 
distribution for each guided mode. For mode 1, 2, 3, and 4, the calculated 
mode sizes are 0.245λ, 0.482λ, 0.523λ, and 0.565λ and the confinement factors 
are 0.078, 0.017, 0.018, and 0.006 respectively. 

The evanescent field profile of the surface modes is ideally suited to construct 

confined cavity modes for lasers. We now show that such mode in a cylindrical cavity 

provides the smallest mode volume while maintaining a large overlap with the gain 

media. For 1D PC with finite number of periods, apart from the surface modes in the 
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forbidden band, other propagating modes also exist in the allowed bands. Fig. 2(a) shows 

the dispersion curves for all guided modes in the first band of 1D PC with four periods, 

with the corresponding field profiles shown in Figure 5.2 (b). For 1D PC with N periods, 

there are N guided modes associated with each band. Within each forbidden band, there 

is at most one guided mode corresponding to the surface mode in 1D PC. Among these, 

the surface mode has the smallest extension in the transverse direction and this mode size 

is 0.245λ. The tight transverse confinement of the surface mode can help to reduce the 

overall cavity mode volume which in turn reduces the threshold modal gain. Moreover, 

since the modal gain is the product of material gain and confinement factor, a larger 

confinement factor leads to a lower threshold material gain for the same modal gain 

threshold required for lasing. The confinement factor of each mode is calculated by 

assuming four layers of gain material of 5nm thick with 10nm thick spacer placed at the 

center of the very top n2

Figure 5.2

 layer. It is found that the surface mode has a confinement factor 

of 0.078 which is at least four times larger than other guided modes in  (b). 

This means that threshold material gain for surface mode is at least four times smaller 

than other guided modes. Although the propagation constant of surface mode is smaller 

than other guided modes and this could lead to a larger radiation loss, the reduction is at 

most 20% on the cavity Q factor for a microdisk of 1µm in diameter and can be well 

remedied by the larger difference in the confinement factor and mode size. In comparison, 

the fundamental mode size of a single disk layer of equal total thickness (4 × 𝑏𝑏, where b 

is illustrated in Figure 5.1 (a)) is 2.6 times larger and the confinement factor is 3.3 times 

smaller the surface mode in PC cavity. The small mode volume and large confinement 

factor provided by surface mode in 1D PC makes it suitable for providing transverse 
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confinement for microdisk cavity. The cavity mode of PC microdisk is simulated by 

FDTD with lateral and transverse mode profile shown in Figure 5.1 (b). In FDTD 

simulations, grid size needed for resolving the smallest fields and structures can be 

released as opposed to simulations in Chapter 4 because there is no metal involed. A grid 

size 35 nm is set for all three dimensions considering λ = λ0/n = 285 nm when λ0

Appendix  

The Finite-Difference-Time-Domain Method

 = 

1000nm and n = 3.5 for GaAs. The temporal function of excitation is set as pulse for 

frequency analysis. Cavity Q factors can be calculated by by complex frequency analysis 

because Q is high as discussed in 

. The mode volume is only 0.05λ3

5.3 E xper imental Demonstr ation of PC  M icr odisk laser s 

 due to 

small mode size in the transverse direction and the cavity Q factor reaches over 30000, 

which is more than 100 times larger than metal-capped microdisk. 

To demonstrate the feasibility of semiconductor laser based on PC microdisk cavity, 

cavity structures were fabricated with four pairs of Al0.9Ga0.1

Figure 5.1

As/ GaAs bilayers grown on 

GaAs substrate by MBE and with four InAs quantum dots layers embedded in the GaAs 

layers with a spacing of 15 nm. Microdisk cavities were patterned by electron-beam 

lithography and dry etched 2.5 μm deep to form four stacks of bilayers as illustrated in 

 (a). The Al0.9Ga0.1

Figure 5.3

As layers are wet etched with buffered hydrogen fluoride 

(HF) to introduce larger index contrast with GaAs as shown in the inset of . 

The fabricated PC microdisks were pumped by 780 nm pulsed laser with pulse width of 

100fs and repetition rate of 80MHz. The surface mode in the transverse dimension could 

be excited by the spontaneous emission and form WGM in the lateral plane of the 

microdisk. The sample was cooled to 77 k in a liquid nitrogen cryostat. The emission 
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spectrum measured by InGaAs detector showed photoluminescence from InAs quantum 

dots centered at about 1μm. Development of peaks was observed for PC microdisks of 

diameter as small as 1.1µm (Figure 4.3). The sharp peak of width smaller than 1nm 

demonstrated the lasing behavior when power from pump laser is larger than 15 mW. 

The actual power absorbed by individual PC microdisk is much less.  

 

Figure 5.3Evolution of lasing peaks from PC microdisk with four layer of GaAs/AlGaAs 
(300nm thick for each layer) and diameter of about 1200nm. The inset shows 
peak intensity vs. pump power showing typical knee features; and a SEM 
photograph of the fabricated PC microdisk 

5.4 C onclusion 

In this chapter, we demonstrated another type of microdisk laser with transverse 

confinement provided by the PC surface mode and lateral confinement by WGMs. The 

surface mode supported by PC in the transverse dimension features small mode size, 

large confinement factor. However, as opposed to metallic microdisks discussed in 
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Chapter 4, there is no additional propagation loss other than the radiation loss of WGM in 

the lateral plane. The cavity mode in PC microdisk has low threshold material gain and 

therefore low threshold pump power. Our experimental results prove that such laser with 

structure sizes in all three dimensions about wavelength scale can lase at low pump 

power. Furthermore, I want to thank Yi-Kuei Wu for his efforts in completing this work 

together. 
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Chapter 6  

Conclusion 

6 

6.1 Summar y 

 In this dissertation, we have studied subwavelength optics in various aspects with 

structures of dimension range from deep subwavelength scales (Chapter 2 and Chapter 3) 

to scale comparable to wavelength (Chapter 4 and Chapter 5). The electromagnetic 

properties are treated with effective medium (Chapter 2), scattering by localized surface 

plasmons (Chapter 3), light confinement of propagating surface plasmons (Chapter 4), 

and feedback of photonic band gaps (Chapter 5). Potential applications of these structures 

include focusing and guiding of light (Chapter 2), sensing and microscopy (Chapter 3), 

and light sources (Chapter 4 and Chapter 5) for integrated optics. The realization of all 

these structures benefit from the advance in nanofabrication. We made use of the 

powerful and versatile FDTD method (Appendix  

The Finite-Difference-Time-Domain Method) to analyze the amplitude and phase 

responses of these structures in both time and frequency domain.  

In Chapter 2, we studied artificial structures that generate induced the magnetic field 

and magnetic response for tailoring the permeability. Previous studies have shown that 

artificial structures made of split-ring resonators give negative permeability at microwave 

and infrared frequencies. We designed a new arrangement of SRRs that could lead to not 
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only negative permeability but also negative permittivity at visible frequencies. With this 

structure, negative refraction could be realized and applied with visible light. Perfect 

lenses constructed with negative index metamaterials could lead to deep subwavelength 

focusing. Moreover, the manipulation of light in nanoscale with metamaterials can be 

applied to subwavelength imaging and provide light guidance in optical circuits. 

In Chapter 3, we researched the resonant scattering from metallic nanoparticles. This 

scattering is characterized localized surface Plasmon resonance and is sensitive to 

changes made to the particles. With the help of ellipsometry and FDTD, we were able to 

study their amplitude and phase response experimentally and numerically. We developed 

a model predict phase response directly from amplitude response of LSPR. Stable and 

high-sensitivity sensors could be realized based on this scheme. 

In Chapter 4, we investigated the feasibility of scaling microcavities to 

subwavelnegth dimensions with metallic microdisks. Surface plasmon polariton modes 

existing in metallic structures could provide good confinement of light. The radiation 

from microdisk cavities can be reduced by depositing metal coating. However, additional 

loss is also introduced from metal absorption. We utilized thin metal supporting long 

range surface plason mode to reduce the metal absorption and could in turn successfully 

scale down the size of microcavities with substantially high cavity Q factor. 

In Chapter 5, we utilized photonic crystals instead of metal to enhance the light 

confinement without suffering metal absorption. Inside the photonic bandgaps, surface 

modes can be guided to reduce the mode volume of microdisk cavities. Our proposed 

photonic crystal microdisk cavities have low threshold gain because of their high Q and 

small mode volume. We have demonstrated lasing from semiconductor laser cavities 
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based on this scheme. These subwavelength cavities could also find applications in other 

on-chip optical devices.   

6.2 Outlook 

 In this dissertation, many promising features of these subwavelength structures have 

been studied. Nonetheless, there remain other variations of structures and phenomena are 

also worthwhile to study.  

The SRR structure in Chapter 2 gives negative real part of refractive index. However, 

the imaginary part of refractive index is nonzero which leads to loss when light 

propagating through the structure. For an ideal negative refraction, lossless propagation is 

preferred. One possible way to compensate this loss is to incorporate material with gain 

with the structure[113]. Moreover, a real negative refraction is based on medium of large 

enough thickness. Adding SRRs in the third dimension should be considered to 

demonstrate negative refraction. This is can be done by adding additional layers of 

standing SRRs on top. The issues remained for investigation is how the magnetic 

resonances might be modified by the coupling between SRRs in adjacent layers and by 

the inclusion of gain medium to compensate the metal loss. 

The optical properties of rectangular nanoparticles have been well studied in Chapter 

3. However, the understanding for the response of diamond shape nanoparticles shown 

Figure 3.2 (a) is still not complete. The strong response in phase for diamond 

nanoparticles cannot be calculated from their amplitude response. Possible reasons 

include that the measured amplitude response outside of the range of spectrometer is also 

required for applying Kramers-Kronig relations; and the approximation (1+χ)1/2≈1+χ/2 
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may no longer be valid is χ is large. This could be understood first by simulating both the 

phase and amplitude response for further studies and other potential applications.    

Although we have proposed a metal-sandwiched microdisk cavities giving high Q in 

Chapter 4, the fabrication of such structure is still a difficult task. Additional 

investigations for utilizing LRSPP for confining light in structures that are easier to make 

are worthwhile for demonstration of this idea experimentally. 

In Chapter 5, the surface modes in photonic crystals were used to provide transverse 

confinement for microdisk cavities. Nonetheless, there are other modes not localized to 

the surface existing in photonic crystals as well. The studies of the interactions of these 

different transverse modes might also be valuable to obtain a complete understanding of 

this type of cavity and its lasing characteristics.  
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Appendix  

The Finite-Difference-Time-Domain Method 

 

A .1 I ntr oduction 

In this appendix, we will discuss the basic principles of the finite-difference-time-

domain (FDTD) method which were used extensively in this dissertation using a 

commercial FULLWAVE package from the RSoft Design Group. Considering a linear, 

isotropic, nondispersive, lossless, and source free material, the Maxwell’s curl equations 

from Faraday’s Law and Ampere’s Law are given by Equation (A.1) and Equation (A.2)  

𝐸𝐸��⃑  and 𝐻𝐻���⃑  denote the electric and the magnetic field vectors. ε and µ denote the permittivity 

and permeability. 

 𝜕𝜕𝐻𝐻��⃑
𝜕𝜕𝜕𝜕

= −
1
𝜇𝜇
∇ × 𝐸𝐸��⃑  (A.1)   

 𝜕𝜕𝐸𝐸�⃑
𝜕𝜕𝜕𝜕

=
1
𝜀𝜀
∇ × 𝐻𝐻��⃑  (A.2)   

 

From Equation (A.1) and Equation (A.2) the scalar equations for the field vector 

components of in Cartesian coordinates are given by Equation (A.3) to Equation (A.8)  

 



65 

 

 
𝜕𝜕𝐻𝐻𝑥𝑥
𝜕𝜕𝜕𝜕

=
1
𝜇𝜇
�
𝜕𝜕𝐸𝐸𝑦𝑦
𝜕𝜕𝜕𝜕

−
𝜕𝜕𝐸𝐸𝑧𝑧
𝜕𝜕𝜕𝜕

� (A.3)   

 𝜕𝜕𝐻𝐻𝑦𝑦
𝜕𝜕𝜕𝜕

=
1
𝜇𝜇
�
𝜕𝜕𝐸𝐸𝑧𝑧
𝜕𝜕𝜕𝜕

−
𝜕𝜕𝐸𝐸𝑥𝑥
𝜕𝜕𝜕𝜕

� (A.4)   

 𝜕𝜕𝐻𝐻𝑧𝑧
𝜕𝜕𝜕𝜕

=
1
𝜇𝜇
�
𝜕𝜕𝐸𝐸𝑥𝑥
𝜕𝜕𝜕𝜕

−
𝜕𝜕𝐸𝐸𝑦𝑦
𝜕𝜕𝜕𝜕

� (A.5)   

 𝜕𝜕𝐸𝐸𝑥𝑥
𝜕𝜕𝜕𝜕

=
1
𝜇𝜇
�
𝜕𝜕𝐻𝐻𝑧𝑧
𝜕𝜕𝜕𝜕

−
𝜕𝜕𝐻𝐻𝑦𝑦
𝜕𝜕𝜕𝜕

� (A.6)   

 𝜕𝜕𝐸𝐸𝑦𝑦
𝜕𝜕𝜕𝜕

=
1
𝜇𝜇
�
𝜕𝜕𝐻𝐻𝑥𝑥
𝜕𝜕𝜕𝜕

−
𝜕𝜕𝐻𝐻𝑧𝑧
𝜕𝜕𝜕𝜕

� (A.7)   

 𝜕𝜕𝐸𝐸𝑧𝑧
𝜕𝜕𝜕𝜕

=
1
𝜇𝜇
�
𝜕𝜕𝐻𝐻𝑦𝑦
𝜕𝜕𝜕𝜕

−
𝜕𝜕𝐻𝐻𝑥𝑥
𝜕𝜕𝜕𝜕

� (A.8)   

With this set of equations, the time derivative of each 𝐸𝐸��⃑  component can be calculated 

from the space derivatives of the 𝐻𝐻���⃑  components and vice versa. The Yee algorithm places 

the 𝐸𝐸��⃑  and 𝐻𝐻���⃑  components in a three-dimensional space in a interlaced manner such that 

each 𝐸𝐸��⃑  component is surrounded by four 𝐻𝐻���⃑  components and vice versa as shown in 

Figure A.1.  



66 

 

 

Figure A.1The position of 𝐸𝐸��⃑  and 𝐻𝐻���⃑  components in a Yee cell. The grid points of 𝐻𝐻���⃑  
components are shifted half grid spacing from the 𝐸𝐸��⃑  components. Two adjacent 
grid points of each field vector component are separated by Δx, Δy, or Δz[25]. 

Using central-finite difference expressions for the space and time derivatives, 

Equation (A.3) and Equation (A.6) can be written as Equation (A.9) and Equation (A.10) 

where (i, j, k) denote a space point (iΔx, jΔy, kΔz) in Cartesian coordinates and n denotes 

a time point nΔt. The remaining four scalar equations can also be written with central-

finite difference expressions in similar ways. 
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Using all the six central-finite difference expressions derived from Equation (A.3) to 

Equation (A.8) the value of each 𝐸𝐸�⃑  component at time t=(n+1/2)Δt can be calculated 

from its previous value at time t=(n-1/2)Δt and the previous values of 𝐻𝐻��⃑  components at 

adjacent points at time t=(n)Δt. Similarly, the value of each 𝐻𝐻��⃑  component at time 

t=(n+1)Δt can be calculated from its previous value at time t=(n)Δt and the previous 

values of 𝐸𝐸�⃑  components at adjacent points at time t=(n+1/2)Δt. Based on this leapfrog 

arrangement in time (Figure A.2), all the 𝐸𝐸�⃑  and 𝐻𝐻��⃑ components at any discrete points in the 

space and time can be computed once the initial values are set. Thus, the physical 
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propagation of electromagnetic waves through any media can be modeled in a nature 

manner by the numerical propagation of electromagnetic waves at discrete points.  

 

Figure A.2The space-time chart of the Yee algorithm. 𝐸𝐸��⃑  and 𝐻𝐻���⃑  are separated by Δt/2 and 
Δx/2 with each other to be applied with central-difference approximations[25].   

Although the FDTD method is a powerful and nature way to deal with the 

interactions between electromagnetic waves with matters, special cares for performing 

accurate and effective simulations will be discussed in the following sections. 

A .2 Spatial G r id Sizes and T ime Step 

The central-difference approximations used in the FDTD algorithm are second-order 

accurate. The simulated results deviate more from the exact solutions when the errors 

from the approximations increase. The errors generally decrease with the spatial grid 
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sizes and the time step. The spatial grid sizes (Δx, Δy, and Δz) generally need to be ten 

times smaller than the principle wavelength of interest in the material to resolve the 

smallest features of the electromagnetic fields. Moreover, for some structure of feature 

size much smaller than the scale of the wavelength , the spatial grid size sometimes need 

to be further reduced to resolve the geometrical details of the structures. Once the spatial 

grid sizes are set, in order to perform a stable simulation, there is an upper stable limit for 

the time step (Δt) set by the Courant condition given in Equation (A.11) For any 

simulations using Δt larger than the stable limit, it is certain that the computed values will 

grow exponentially in time. This exponential growth is the result of the introduction of a 

negative imaginary part of frequency to the numerical propagation of electromagnetic 

waves[25, 114].  

𝛥𝛥𝛥𝛥 ≤
1

𝑐𝑐� 1
(∆𝑥𝑥)2 + 1

(∆𝑦𝑦)2 + 1
(∆𝑧𝑧)2

 
(A.11)   

 

Although simulations tend to be more accurate with smaller spatial grid sizes and 

time step, there is a tradeoff between performing accurate and effective simulations. The 

memory required to store the values of all field vector components at all the spatial grid 

points will substantially increase as the grid sizes decrease. The number of computations 

required for the numerical propagation of electromagnetic waves of a certain length in 

time will also increase as the time step decreases. The increase of computational memory 

and computational steps will require a larger computational power or a longer 

computational time for the simulation. Therefore, a conversion study usually needs to be 

performed for each type of simulations, especially for three-dimensional simulations 
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which usually require substantial amount of time. The split-ring resonators (Chapter 2), 

metallic nanoparticles (Chapter 3), and metallic microdisks (Chapter 4) all involve 

plasmonic effects with metals. As mentioned previously, both propagating surface 

plasmons and localized surface plasmons have strong field localization to the surface of 

metal. The penetration depth in the metal is usually more than ten times smaller than the 

free space wavelength. Thus, it is desired to use spatial grid sizes even smaller than the 

penetration depth to resolve the features of electromagnetic fields. Nonetheless, to 

perform an effective simulation, we usually tested a set of simulations with varying 

spatial grid size in each dimension. The maximum spatial grid size in each dimension to 

obtain results within acceptable deviations can be determined. Other simulations of the 

same type can be performed using these maximum grid sizes for obtaining accurate 

results with the minimum computational power and computational time.  

In some cases that the orthogonal, regular Cartesian grids do not lead to accurate and 

efficient simulations, some alternative grids might be preferred. One type of alternative 

grids is the nonuniform orthogonal grid. Some geometry requires small spatial grid sizes 

in some regions of the simulation domain near small geometrical features to accurately 

resolve the electromagnetic fields localized to these regions. However, the spatial grid 

sizes can be released in other regions of the simulation domain. Using uniform grids 

would be an unnecessary waste of computational effort and resource because not the 

whole simulation domain requires such small grids. More efficient simulations can be 

performed using nonuniform grids[115-117] to avoid computational waste in the regions 

where small spatial grid sizes are not necessary. In the case of metallic structures, small 

spatial grid sizes need to be used near the surface of metal to resolve the features of 
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localized fields but most of the other regions in the simulation domain do not require 

such small spatial grid sizes. Figure A.3 displays the nonuniform grid used in the metal-

capped microdisk cavity corresponding to Figure 4.2(b). At the free space wavelength λ0 

= 1400 nm, the wavelength in the semiconductor λ = λ0/nsemi = 417 nm. The penetration 

is 21 nm in the metal and 184 nm in the semiconductor. The spatial grid size in the lateral 

dimensions only need to be ten times than the wavelength which is 417 nm in 

semiconductor and 1400 nm in free space so we chose Δx = Δy = 40 nm inside the 

microdisk (0.5 μm < X < 0.5 μm) = and Δx = Δy = 140 nm elsewhere. The spatial grid 

sizes in the transverse dimension need to be ten times than the penetration depth which is 

21 nm in metal and 184 nm in the semiconductor so we chose Δz = 2 nm in the metal (0 

< Z < 0.1 μm) and Δz = 18 nm in the semiconductor (X < 0). Using a nonuniform grid in 

this metal-capped microdisk saved us about 95% of simulation time when using a 

uniform grid.  
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Figure A.3A nonuniform grid corresponding to Figure 4.2 (b) at X = 0. The range of Z 
axis is reduced to show the refined Δz in the metal 

 

A .3 B oundar y C onditions 

In many cases, the structure of interest is in an unbounded spatial domain. However, 

it is not realistic to set the simulation domain infinitely large as this will require unlimited 

amount of memory. A reasonable simulation domain should be finite in size and enclose 

the structures of interest. A preferred boundary condition of the finite simulation domain 

should mimic an infinitely large domain. An infinitely large domain can be mimicked 

with a boundary which can suppress all reflections as if all the outward propagating 

waves are able to exit without boundary. This can be realized with an absorbing boundary 
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condition. The most efficient way to achieve an absorbing boundary condition is to use 

an absorbing material at the boundary. The impedance of this absorber is perfectly 

matched to the host medium which acts as a highly lossy material that absorbs all 

incident electromagnetic waves. The width of the perfectly matched layer needs to be 

smartly chosen so that it wide enough to effectively absorb incident energy but not too 

wide to unnecessarily increase the simulation domain.  

In other cases, the structure of interest is periodic in one or multiple dimensions.  

When the structure contains infinite or a large number of periods, the simulation domain 

enclosing the whole structure can be too large for affordable computational power and 

time. One way to resolve this issue is to simulate only unit cell of the periodic structure 

with periodic boundaries which assume that electromagnetic waves leaving the boundary 

on one side of the unit cell should reenter the unit cell from the opposite side. We used 

periodic boundaries for periodic metallic nanoparticles in Chapter 3 and periodic split-

ring resonators in Chapter 2. 

A .4 E xcitation Sour ces 

Another fundamental aspect of the FDTD algorithm is the implementation of 

appropriate excitation sources to interact with the structure of interest. Each excitation 

source should contain both the spatial and time functions.  

There are three common types of spatial excitations. (1) 𝐸𝐸�⃑  and 𝐻𝐻��⃑  field excitations 

simulate incident beams in the real world and are the most common type of excitation 

sources. We also used 𝐸𝐸�⃑  and 𝐻𝐻��⃑  field excitations for all simulations presented in this 

dissertation. (2) 𝐽𝐽  and 𝑀𝑀��⃑ current excitations can deposit charge and generate fields 

associated to charge because fields are produced though  𝐽𝐽 and 𝑀𝑀��⃑  terms in Maxwell’s curl 
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equations from Faraday’s Law and Ampere’s Law are given by Equation (A.1) and 

Equation (A.2) (3) Enclosed excitations allow arbitrary plane-wave propagation inside an 

enclosed volume. It assumes that the incident and scattered fields can be separated. Both 

the incident and scattered fields are stored inside the enclosed volume but only the 

scattered fields are stored outside the enclosed volume. Thus, enclosed excitations can 

facilitate the calculations for scattering. The profiles and the positions of field excitations 

can also affect the results of FDTD simulations. We used plane waves placed external to 

the structures to obtain the transmission and reflection coefficients in Chapter 2 and 

Chapter 3. We placed TM polarized Gassian beams at the metal-dielectric interface to 

excite surface plasmon polaritons along the metal-dielectric interface by mimicking the 

end-fire coupling in Chapter 4[102]. In Chapter 4 and Chapter 5, when we placed 

Gaussian beams between the center and the circumference of microdisk cavities and let 

the beams propagate in-plane, whispering gallery modes can be excited as well. 

The time function of an excitation sources can be a continuous wave, a pulse, or a 

impulse. A continuous wave excitation is used when a steady state solution is desired at a 

specific wavelength. Field distributions in the nanostructures in Chapter 2 and Chapter 3 

can be obtained with a continuous wave excitation. A pulse excitation is used when a 

frequency dependent result is desired. Time transmission and reflection spectrum are 

obtained from the time dependent transmission and reflection coefficients by Fourier 

transform with pulse excitations in Chapter 2 and Chapter 3. The cavity modes within a 

certain frequency band can also be found in the radiation spectrum of the cavities in 

Chapter 4 and Chapter 5. An impulse excitation is used when trying to search for cavity 

modes at all frequencies. It is worthwhile to note that in some cases, the temporal 
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responses die out in time fast. Adding padding factors to the simulation could mimic 

longer numerical electromagnetic wave propagation and help to increase the resolution of 

the frequency responses.  

A .5 M ater ial Pr oper ties 

As mentioned in the previous section, frequency responses can be obtained from the 

FDTD simulations. The dispersive material parameters should also be considered when 

dealing with dispersive media. Metals, for example, are highly dispersive media. In order 

to incorporate the dispersive material properties, the temporal response need to be first 

obtained from the frequency response by inverse Fourier transform. Inverse Fourier 

transform from the frequency to time domain requires the material response across the 

whole spectrum which might be hard to measure. Fortunately, most material properties 

are determined by the susceptibility and the dispersive susceptibility (𝜒𝜒 = 𝜀𝜀 − 1) can 

usually be modeled with Lorentz functions given by Equation (A.12) where 𝜔𝜔 is the 

angular frequency, N is the number of pole pairs, 𝜔𝜔𝑝𝑝  is the undamped resonant frequency, 

𝛿𝛿𝑝𝑝  is the damping coefficients, and Δ𝜀𝜀𝑝𝑝  is the change of relative permittivity due to the 

Lorentz pole pair[25]. From this explicit expression of the frequency response 𝜒𝜒(𝜔𝜔), the 

temporal response 𝜒𝜒(𝑡𝑡) can obtained and incorporated in the FDTD simulations. The 

dispersive material parameters are based on Reference [118]. In Chapter 4, we also 

incorporated gain media to simulate the threshold gain for the microdisk cavities. A gain 

medium can be easily assigned with a negative imaginary part of susceptibility while a 

lossy materials has a positive imaginary part of susceptibility 
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𝜒𝜒(𝜔𝜔) = �
Δ𝜀𝜀𝑝𝑝𝜔𝜔𝑝𝑝

2

𝜔𝜔𝑝𝑝
2 + 2𝑗𝑗𝑗𝑗𝛿𝛿𝑝𝑝 − 𝜔𝜔2

𝑁𝑁

𝑝𝑝=1

 (A.12)   

 

A .6 F inding C avity Q F actor s 

In Chapter 4 and Chapter 5, we calculated the cavity Q factors which can be used to 

calculate the total cavity loss.  There are several different representations of the cavity. 

Three of those representations given by Equation (A.13) Equation (A.14) and Equation 

(A.15) are commonly used in the FDTD simulations for calculating the cavity Q factor, 

where α is the energy decay rate with time. 

𝑄𝑄 =
𝜔𝜔

∆𝜔𝜔𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹
 (A.13)   

𝑄𝑄 = 2𝜋𝜋
𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸 𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆

𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸 𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷 𝑝𝑝𝑝𝑝𝑝𝑝 𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂 𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶
 (A.14)   

𝑄𝑄 = 2𝜋𝜋
𝜔𝜔
𝛼𝛼

 (A.15)   

With Equation (A.13) the cavity Q factor can be calculated by finding the FWHM of 

the mode peak in the spectrum. This is a simple way of calculating the cavity Q factor. 

However, if the cavity Q factor is high, the FWHM can be very narrow and a high 

frequency resolution is needed to resolve the narrow FWHM. Yet, to achieve a high 

frequency resolution, the computational time might be unreasonably long. 

With Equation (A.14) the cavity Q factor can be calculated with two quantities: 

energy density and the radiation power. However, the radiation power only accounts for 

the energy dissipated by radiation. The energy dissipated by material absorption cannot 
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be obtained from the FDTD simulations. The cavity Q factor of metallic microdisk 

cavities cannot be accurately calculated using Equation (A.13)  

With Equation (A.15) the cavity Q factor can be obtained from a single quantity: the 

energy decay rate which can be extracted from the time-dependent energy density. This is 

the most practical way to calculate the cavity Q factor among these three.  

Last but not least, there is a more efficient way to accurately calculate the cavity Q 

factor with some more complexity. The goal is to solve the complex frequencies of cavity 

modes of a finite number instead of the virtually continuous spectrum of the real value 

frequency. Using nonlinear fit instead of Fourier transform, these complex frequencies 

can be calculated. The imaginary part of each complex frequency is associated to the 

decay rate of each cavity mode. Using this method, the cavity Q factors are usually 

calculated accurately within a shorter computational time.  The accuracy of above 

mentioned methods mostly rely on the computational time, the convergence study on not 

only the spatial grid size but also the total computational time is necessary. Similar to the 

discussions in section A.2, a minimum computational time for achieving comparable 

accuracy was obtained first. Other simulations of the same type may use the same 

conditions to accurately calculate the cavity Q factors.  

A .7 C onclusion 

The FDTD algorithm provides an intuitive way to simulate the propagation of 

physical electromagnetic waves with numerical electromagnetic waves. Since the FDTD 

algorithm is based on central-difference approximations in the space and time, the 

accuracy of the algorithm depends on the settings of the spatial grids and time steps. By 

varying the boundary conditions and excitation sources, various types of simulations can 
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be performed. Not only the time dependent responses but also the frequency dependent 

responses can be obtained from the FDTD simulations. Despite few limitations arising 

from the limited computational power, FDTD is a generally versatile method for treating 

electromagnetic problems. 
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