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Abstract 

 

Hyperbolic Metamaterials for Super-Resolution Imaging and Deep Sub-Wavelength Cavities 

by 

Jun Suk Rho 

Doctor of Philosophy in Engineering - Mechanical Engineering 

and the Designated Emphasis in Nanoscale Science and Engineering 

University of California, Berkeley 

Professor Xiang Zhang, Chair 

 

Metamaterials, artificially structured nanomaterials, have enabled unprecedented and 

extraordinary phenomena such as invisibility cloaking due to their unique optical properties 

which do not exist in naturally available materials or traditional composites materials. 

Especially, hyperbolic metamaterials, also known as indefinite metamaterials, have a unique 

dispersion relation where the principal components of the permittivity tensors do not all have the 

same signs and magnitudes. Such an extraordinary dispersion relation results in hyperbolic 

dispersion relations which leads to a number of interesting phenomena, such as the super-

resolution effect, in which evanescent waves are transferred to propagating waves at the interface 

with normal materials. This results in the propagation of electromagnetic waves with very large 

wavevectors which would otherwise be evanescent waves and thus decay quickly in natural 

materials. 

Thanks to the development of nanofabrication techniques, I have successfully realized such 

hyperbolic metamaterials into experimental devices. The first hyperbolic metamaterals device is 

a super-resolution imaging device called the “hyperlens”, which is the first experimental 

demonstration of near- to far-field imaging using visible light with resolution beyond the 

diffraction limit in two lateral dimensions. This allows real-time sub-diffractional imaging 

without any support of image reconstruction and localization. Thus, it would offer a platform to 

perform very easy and strong biomolecular imaging.  

The other unique application of hyperbolic metamaterials is metamaterial optical 

nanocavities, a key component to scale lasers down to the nanoscale. Unlike traditional dielectric 

cavities, which resonate at higher frequencies when the cavity size reduces, indefinite cavities 

with sizes different by several orders may resonate at the same frequency and same mode order. 
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Furthermore, the size dependence of quality factor due to the radiation loss also shows a reversed 

behavior compared to traditional dielectric cavities. Large wavevectors supported by hyperbolic 

metamaterials successfully captured light in 20nm dimension and show a very high figure of 

merit due to their extremely small mode volume. Such a theoretical and experimental 

demonstration could have strong potential to achieve a truly nanometer scale low threshold laser 

whose size is compatible to biomolecules. In addition, the tunable refractive index characteristic 

of nanocavities is promising for high refractive index surface coatings and cloaking metasurfaces. 

I have also studied several interesting metamaterials applications based on various schemes 

such as negative index, metasurface and plasmonic lens. First of all, I demonstrate a photo-

induced chiral switching of reconfigurable negative index metamaterial device as a new class of 

custom-designed composite with deep sub-wavelength building blocks in response to external 

optical stimuli. This metamaterial device allows electromagnetic control of the polarization of 

light and will find important applications in manipulation of terahertz waves, such as 

dynamically tunable terahertz circular polarizers and polarization modulators for terahertz 

radiations. Also, with a large scale negative index metasurface, I am able to observe a very 

strong photonic spin-hall effect, which could provide a route for exploiting the spin and orbit 

angular momentum of light for information processing and communication. Last, plasmonic 

nanolithography is studied as a new low-cost high-throughput approach to maskless 

nanolithography, providing both 22-nm high-resolution direct patterning and 10m/s high-

throughput writing speed at the same time. 

All topics covered needed very serious effort in nanofabrication technique development. For 

this reason, I include state-of-the-art nanofabrication techniques and tips which are used to 

demonstrate such metamaterials and metadevices shown in this dissertation. Utilizing very 

special top-down and bottom-up processes such as electron beam lithography overlay, super high 

resolution lift-off process, quantum dot lithography, metamaterial and plasmonic devices that 

need very high resolution and high-accuracy are demonstrated successfully. 

I believe my efforts in developing different types of sub-wavelength metamaterials including 

hyperbolic metamaterials for extraordinary optical properties and demonstrating the devices 

experimentally will advance future nanoscale optics and photonics, materials science and broad 

nanoscience and nanotechnology. 
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Chapter 1 Introduction 

 

Introduction 

 

1.1 Introduction to metamaterials 

Throughout history, human society has developed along with the accompanying development 

of new materials [1]. The discovery of stone, bronze and iron each accordingly resulted in great 

advances in civilization. In the past several decades, the world has developed science and 

technology greatly through the discovery and synthesis of a number of new materials. One of the 

categories is optical and photonic materials, which enhance the semiconductor industries and 

optics industries, boosting the quality of life to humanity. Such materials are very important 

because they are used to manipulate light, an electromagnetic wave. Good examples include, but 

not limited to, silicon and silicon oxide. Dielectric materials such as glass, quartz, and sapphire 

are commonly used in many optical and photonic devices. 

The first introduction of a metamaterial showed both negative permittivity and permeability 

simultaneously, proposed by a Russian physicist Veselago in the 1960’s, which had never 

existed before in nature [2]. Figure 1.1 describes how materials are defined by the sign of their 

electric permittivity (ε) and magnetic permeability (µ). These properties determine one of the 

most important optical properties, the index of refraction (n). Most isotropic dielectric materials 

have both positive permittivity and permeability, and thus allow light to propagate in the medium 

with positive refractive index. In the case that permittivity and permeability have opposite signs, 

the refractive index is negative, and thus light becomes an evanescent wave and therefore cannot 

propagage. The above cases are already shown in natural materials. A material with both 

negative permittivity and permeability does not exist in the nature, but could exist in artificially 

made structures. In this case, light can propagate in the material with negative refractive index. 

This can be explained by Maxwell’s equations. A plane waves propagating inside such a material 

could be described by an electric field intensity vector E, magnetic field vector H, and 

wavevector k, forming a left-handed triplet, in seeming opposition to wave propagation in 

conventional media, in which these three quantities form a right-handed triplet. These materials 

are labeled left-handed media (LHM) and right-handed media (RHM), respectively. 

Each case is shown in Figure 1.2.  In RHM, the wavevector k is in the same direction of the 

Poynting vector. On the other hand, in LHM, although E, H, and k form a left-handed triplet, E, 

H, and S maintain a right-handed relationship. Therefore, the wavevector is heading in the 

reverse direction of the Poynting vector. This results in a backward propagating wave [3]. In 

such media, the supported backwards waves can be explained by a negative refractive index, 

which is defined by taking the negative branch of the square root from the definition of the 

refractive index,      . Consequently, when such media are interfaced with conventional 

dielectrics, the negative refraction of an incident electromagnetic plane wave is leaded and the 

Snell’s law is reversed. Such a negative index material breaking the law of the nature was the 

first metamaterial, where the prefix ‘meta’ means ‘beyond’ or ‘after’ in Greek [4].  
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Figure 1.1. Definition of materials with regard to permittivity (ε) and permeability (µ) 

 

  

Figure 1.2. Orientation of electric field vector E, magnetic field vector H, Poynting vector S, and 

wavevector k in (a) right-handed media (RHM) and (b) left-handed media (LHM) 

 

Since the first concept of metamaterials was introduced, the term of metamaterials was 

expanded to many other cases that show extraordinary properties such as ultra-high refractive 

index, zero index, negative refraction, invisibility cloaking, and super-resolution shown in Figure 

1.3. [2, 4, 5, 6, 7, 8, 9, 10] None of these properties exist in natural materials, but can happen in 

artificially made nanostructures, forming the expanded concept of metamaterials. As shown in 

Figure 1.4., metamaterials are based on artificial nanoscale atoms, called meta-atoms, much 

smaller than given wavelengths. The properties of metamaterials rely on their structural 

arrangements. The positions, stacking order, and combinations of atoms determine the bulk 

properties of such materials. This is totally different the way we classically distinguish materials 

depending on the chemical components and chemical bonding. As mentioned above, to meet the 

criteria classified as metamaterials, the artifical nanomaterials should have unprecedented and 

extraordinary properties. 
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Figure 1.3. Examples of expanded metamaterials 

 

 

Figure 1.4. Composition of metamaterials based on atoms much smaller than a given wavelength. 

 

1.2 Overcoming diffraction limit with metamaterials 

The diffraction limit is the fundamental limitation in optics and photonics restricting the 

performance of the given systems. For example, as shown in Figure 1.5, when two objects are 

located further apart than the distance limit Δx, the objects are easily resolved, which means the 

imaging systems can distinguish the objects as two distinct airy disc peaks of intensity 

distribution. On the other hand, when the distance between the same two objects gets closer to 

the distance Δx, the objects become difficult to distinguish. Finally, once they are within Δx, 

they are not resolved anymore and are seen asshowing one airy disc peak. Here, Δx is called the 

diffraction limit. The diffraction limit is caused by the electromagnetic characteristics of light. 

Light consists of two components; one is the propagating wave and the other is the evanescent 

wave. From the equation (1.1) of electric field distribution, the wavevector kz is derived 

according to the equation (1.2). 

0( , , ) yx z
ik yik x ik zE x y z E e e e      (1.1) 
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Here, in the case of  
22 2( ) /x yk k n c  , kz becomes real number and this wave constructs a 

propagating wave in the z-direction. In the case of  
22 2( ) /x yk k n c  , kz becomes imaginary 

and thus this wave becomes an evanescent wave in which the amplitude of the wave 

exponentially decays in the z-direction. Figure 1.6 describes a schematic of the object and image 

plane, and a propagating and evanescent wave. The propagating wave (red colored line) carries 

larger feature information from the object plane (near-field) to the image plane (far-field). 

Information from large features is transferred to the far-field without any issue. However, 

because the evanescent wave (green color line) brings small size feature information to the image 

plane, this information is not transferred to the far-field due to their evanescent loss in the near-

field. That is also known as the near-field effect of the evanescent wave. This is the main reason 

why the diffraction limit happens in an imaging system.  

 

 
Figure 1.5. Schematic of diffraction limit: (a) when two objects are over diffraction limit, two 

objects are resolved as two objects to show two peak intensities. (b) when two objects are below 

diffraction limit, two objects are not resolved as two objects, thus show only one peak intensity. 

 

 

Figure 1.6. Schematic of an imaging system: when the light travels from object plane to image 

plane, propagating wave carrying big features information are going to the far-field, but 

evanescent wave carrying small features information exponentially vanish in the near-field. 
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I also note the Fourier transform process that large features in the spatial domain 

corresponds to small wavevectors in the k-domain and small features in the spatial domain to 

large wavevectors in the k-domain. This relation is expressed in Figure 1.7 with the examples of 

two different sizes of circular slot and intensity profile of the light. 

 

 
Figure 1.7. Spatial domain and k-domain with Fourier transform: (a) large circular slit in spatial 

domain has smaller k of 1 in k-domain expressed exp(-x
2
) (b) small circular slit in spatial domain 

has larger k of 5 in k-domain expressed exp(-5x
2
) 

 

 

In the normal case, the diffraction limit is defined as below [11, 12], and called Rayleigh 

criteria of diffraction limit. As we can see in equation (1.3), the diffraction limit is proportional 

to the wavelength and inversely proportional to the numerical aperture, which is a characteristic 

of a given imaging system. 

 

1.22
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
                                        (1.3) 

This diffraction limit has long been an issue in the optics and photonics field as well as 

many related engineering fields, because the diffraction limit causes critical issues in many cases. 

For example, not only the resolution of a microscope but also the resolution of lithography, one 

of the common micro-/nano-fabrication tool, is also limited by this number. Therefore, scientists 

and engineers have tried to overcome this limit in many ways. Either decreasing wavelength or 

increasing numerical aperture helped to improve the diffraction limit, but doing such things were 

still not significant solutions. Basically, those techniques do not have fundamental access to the 

evanescent wave due to the materials properties of natural materials. As discussed in the 

previous section, metamaterials have the unique property of controlling permittivity and 

permeability on demand. They have shown tremendous scientific and technical advances in 

controlling the electromagnetic properties of light [13, 14]. The way to control and manipulate 

the properties of light will be discussed in chapter 2 and chapter 3 in detail. 
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1.3 Control and manipulation of light with metamaterials 

As discussed in the previous chapter, natural materials have very limited ability to control 

light due to the intrinsically fixed optical properties of the materials. One particular example of 

this is that natural materials have very weak response to the magnetic component of light, so in 

most cases of this dissertation, metamaterials assume magnetic permeability (μ) as 1 which are 

considered as optical metamaterials. The other important thing is that because the size of the 

atoms and molecules are much smaller than the wavelength of light, the detail of the atomic 

lattice cannot be seen by the light wave and the whole material is treated as a homogeneous 

single medium. This principle,called effective medium theory, will be discussed in more detail in 

chapter 2.  

Accordingly, the ratio between the lattice constant and the wavelength of electron wave or 

electromagnetic wave propagation plays a very important role in determining the material 

properties for different materials. In the semiconductor structure, the electron wavelength is 

comparable with the period of the atomic lattice. Therefore energy gap is formed due to Bragg 

diffraction of electrons and leads to all the semiconductor properties. The same effect also 

happens for electromagnetic waves, where the period of the hole array in a photonic crystal is 

close to the wavelength of propagating light inside the dielectric. On the other hand, when the 

wavelength is much larger than the period of the material, the periodic structure cannot be seen 

and the wave will behave as if it is propagating in a homogeneous media. For example, for 

visible light propagating in a natural crystal, such as diamond, the light wave cannot differentiate 

every single atom in the crystal; therefore, the material exhibits a homogeneous optical response. 

Metamaterials are designed with the same principle.  

Pendry first proposed the idea of artificial materials composed of meticulously designed 

atoms to achieve extraordinary properties that cannot be reached by naturally available materials 

[15]. Introducing inductance and capacitance with appropriate orientation and magnitude into the 

artificial atoms was pointed out, so they can interact with the magnetic component of the 

electromagnetic waves passing through the composite material, therefore create a material with 

magnetic response at high frequencies. For such materials, magnetic permeability (μ) is not unity 

any more. For Pendry’s structure, it turned out μ values can be also negative. Such a concept of 

tuning the magnetic response of materials is first discussed in the gigahertz regime, but later the 

research has been done in a broad range of wavelengths including terahertz [16, 17]. 

Indeed, Pendry discussed the possibility decreasing the plasmon frequency of a material by 

using “diluted metal” and therefore controlling a material’s electrical response to light in his 

paper [18]. Although the concept of a metamaterial had not been brought forward in that paper, 

the basic principle is the same. With both electrical and magnetic response under control, 

metamaterials enable free tuning of materials’ optical properties. The optical properties can be 

extended into regions that have never been achieved before, where negative refraction of light 

can be observed. Furthermore, they can also be tuned independently at different locations inside 

the same material. This powerful ability greatly enhanced our control of the propagation 

direction and the phase of light propagating in such materials, and built the foundation for the 

new research field of transformational optics [19, 20]. Many new applications are possible, 

including the invisible cloaking, which eliminates the scattering of light from an object and 

makes the object invisible [21, 22, 23, 24, 25, 26, 27]. 
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1.4 Introduction to Plasmonics 

Recently, a new concept in electromagnetism of free electron oscillation, surface plasmons 

(SPs), has been introduced. They are kind of electromagnetic waves trapped at a metallic surface 

through their interaction with the free electrons of the metal as schematically illustrated in Figure 

1.8. The recent discovery of extraordinary transmission through sub-wavelength hole arrays on 

an opaque metal film has sparked extensive interest in SPs among the scientific community [28, 

29, 30, 31, 32]. The observed far-field transmission through a silver holes array in the infrared 

and visible region can be enhanced by orders of magnitude compared to that of a single hole. 

This unusual enhancement is attributed to the excitation of SPs on the metal surface which 

dramatically enhances the optical throughput via the sub-wavelength aperture. Since then, much 

research focused on the underlying physics and applications of SPs. The use of SPs opens 

potential applications in nanoscale optical spectroscopy, [33] surface-enhanced spectroscopy, 

surface plasmon resonance sensing, [34, 35] and plasmonic nanolithography [36, 37]. 

 

 

Figure 1.8. Schematic of the charges distribution and the electromagnetic field induced by 

surface plasmons propagating on a surface in the x direction 

 

The dispersion relation of SPs lies to the right of the light line, indicating the wave vector of 

SPs is always greater than that of light waves at a given frequency, as shown in Figure 1.9. 

Because the wave vector in the z direction is imaginary, SPs are nonradiative electromagnetic 

waves that describe fluctuations of the surface electron density bounded to the metal surface. 

Therefore, their electromagnetic fields have maximum strength at the surface and decay 

exponentially into the space perpendicular to the surface. The most interesting property of SPs is 

their dispersive behaviors, which offer an access to much shorter wavelength of surface waves 

than the excitation light wavelength. This extraordinary “optical frequency but X-ray wavelength” 

property of SPs opens up the potential of high-resolution imaging and lithography at a length 

scale beyond the diffraction limit. One common way to excite SPs by light is using the 

momentum mismatch between the excitation light to compensate the SPs. As seen in the SP 

dispersion relation, the momentum of SPs is always larger than that of a free space light. 

Therefore, a given additional momentum is needed to couple light to SPs. Typically, a grating 

coupler and an attenuated total reflection coupler, are used to match the momentum mismatch; 
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therefore, light can be converted into SPs and vice versa. A grating can supply additional wave-

vectors (G) which can compensate the momentum mismatch of light and SPs. Figure 1.9 shows 

the coupling mechanism of a grating coupler. When the wave-vector is matched, the surface 

plasmon waves can be resonantly excited using light excitation. kin is the incident wave-vector of 

the light and G is the multiples of 2/a where a is the period of the structure. 

 

 

Figure 1.9. The dispersion relation of surface plasmons: The dotted line represents the light line 

where the SP dispersion curve always lies right of the light line. Normal photons aalways have a 

linear relationship between wavevector and frequency, but surface plasmons can allow very high 

wavevector access due to their extraordinary dispersion relation. Bottom figure shows 

momentum matching through a grating coupler, one of the common ways to excite surface 

plasmons 
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1.5 Thesis Organization 

This dissertation is for the fundamental physics, design, fabrication and device applications 

of deep sub-wavelength metamaterials including hyperbolic metamaterials and chiral 

metamaterials. In addition, it will cover top-down and bottom-up nanofabrication techniques 

related to the metamaterials and plasmonics research. Finally, manufacturing solutions to scale 

up current metamaterial and plasmonic devices will be discussed to make metamaterials more 

useful for engineering applications and end products. This dissertation consists of 8 chapters.  

Chapter 1 starts with the introduction and background, which contains the fundamentals 

such as the definition of metamaterials, dispersion relation, anisotropic media, negative index, 

negative permittivity, permeability, and refraction.  

Chapter 2 describes the unique hyperbolic dispersion relation of anisotropic hyperbolic 

metamaterial and their fabrication methods to achieve hyperbolic metamaterials. 

Chapter 3 focuses on the application of hyperbolic metamaterials, which achieved two 

dimensional sub-diffraction super-resolution real-time imaging. The design process of achieving 

hyperbolic metamaterials by thin film multilayer stack, the fabrication of a real device called 

spherical hyperlens and the experimental demonstration of super-resolution imaging of nanoscale 

objects are provided. 

Chapter 4 presents three dimensional deep sub-wavelength optical nanocavities confining 

the light in to the truly nanoscale based on the very large wavevectors obtained by the unique 

hyperbolic dispersion of hyperbolic metamaterials. Both computational and experimental works 

are presented with design process, materials selection, fabrication and optical experiments. 

Chapter 5 discusses chiral metamaterial in the terahertz regime, which can achieve negative 

refraction without matching negative values of both permittivity and permeability. Also, photo-

induced chiral switching, which dynamically control the chirality of metamaterials is discussed 

in terms of the design, fabrication and experimental results. 

Chapter 6 is about several metamaterials applications such as a metasurface to observe very 

strong spin hall effect and maskless nanolithography overcoming the current lithography limit of 

resolution and throughput by integrating metamaterials lens and commercial hard drive.  

Chapter 7 is dedicated to show the details of the fabrication processes of the devices 

described in this thesis and the detail of recipes are provided. Also, a variety of top-down and 

bottom-up nanofabrication techniques used for metamaterials and plasmonics research are shown 

and discussed for further detail. 

Chapter 8 summarizes all the works during my Ph.D. study and discusses the future of 

metamaterials in terms of advanced nanomanufacturing for more practical devices and 

manufacturable products. 
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Chapter 2 Hyperbolic Metamaterials 

 

Hyperbolic Metamaterials 

2.1 Fundamental physics of hyperbolic metamaterials 

Hyperbolic metamaterials, also known as indefinite metamaterials are anisotropic materials 

having hyperbolic dispersion where not all of the principal components of electrical permittivity 

and magnetic permeability tensors have the same sign. In contrast, all natural materials have both 

same sign and same magnitude of electrical permittivity and magnetic permeability tensors. In 

the optical metamaterials case, which I mainly discuss in this dissertation, magnetic permeability 

is considered as 1. Thus, in all media, two dimensional dispersion relation, relating wavevector k, 

permittivity ε, working frequency ω and the light speed in vacuum c, is defined as equation (2.1), 

and permittivity tensor is defined as (2.2). In detail, kx and εx are wavevector and permittivity 

components perpendicular to the optical axis, kz and εz are parallel to the optical axis. 

2 2 2

2

x z

z x

k k

c



 
                                       (2.1) 

 

0 0

0 0

0 0

x

y

z



 



 
 

  
 
 

                  (2.2) 

In naturally available normal materials such as air and glass, the permittivity tensor components 

show all the same sign and same magnitude. An example is shown in equation (2.3), where x, y, 

z components of permittivity tensor in the principal axes are all positive and all the same number.  
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     (2.3) 

If I put the permittivity value into the equation (2.1), the iso-frequency contour (IFC) of air is 

plotted in the shape of circle like in Figure 2.1. In comparison, the dispersion relation of quartz is 

also plotted in yellow circle. Here, it should be noted that the radius of the circles corresponds to 

the refractive index of each material, 1 and 1.45. In such isotropic materials, all the wavevectors 

have same access to the fixed value of the radius, which intrinsically limits the optical 

performance of the materials. As we discussed in previous chapter, small size objects correspond 

to a large wavevector. In other words, a large wavevector k has more access to the small feature 

information at the nanoscale for on a given wavelength. 
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Figure 2.1. The dispersion relation of air and quartz in x-z direction: Air and quartz have an 

isotropic dispersion relation of circular shape in x-z direction, which can be expanded to a 

spherical shape in 3D. In each case, the magnitude of the wavevector corresponds to the 

refractive index of the material. Therefore, they only have access to wavevectors within the 

circle, where light can propagate, but don’t have the access outside of the circle where the light 

generates evanescent wave. 

Although there are materials with larger refractive index, such as silicon and germanium, in 

nature, the wavevector values are not enough to solve the problems existing in optics and 

photonics, such as resolution limit and scaling issues. To solve such problems, the larger 

wavevector can be obtainable, the more flexibility there is to solve these problems. Therefore, 

the study to engineer permittivity of materials started to achieve an elliptical shape of dispersion, 

offering access to higher wavevectors in certain directions. That was the first study of changing 

permittivity to introduce the anisotropy into materials, resulting in artificially made materials 

called elliptical metamaterials. A dispersion relation of elliptical shape is obtained when 

permittivity tensors have same sign, but different magnitude along the principal axes. 

Accordingly, the permittivity tensor is defined as equation (2.4), and the resulting dispersion 

relation is shown in Figure 2.2. Compared to an isotropic material, air, this metamaterial has 

anisotropic magnitude of wavevector, specifically a larger wavevector in the x direction in 

Figure 2.2.  
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     (2.4) 

Although an elliptical dispersion relation offers significantly extended wavevector access in 

one direction, there is still a limitation of wavevector access due to the shape of the elliptical IFC. 

To overcome the limitation, an idea achieving a different shape from the dispersion relation 

equation (2.1) and (2.2) is shown by Smith and Schurig [38]. They first explored the behavior of 

wave propagation and various unique effects in indefinite metamaterials. If the permittivity 

tensor (2.2) has not only a different sign but also different magnitude, the IFC becomes 

hyperbolic due to the dispersion relation equation (2.1). The permittivity tensor becomes either 

equation (2.3) or (2.4), which exhibit hyperbolic IFC in either case as shown in Figure 2.3. 
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Figure 2.2. Elliptical dispersion relation of anisotropic medium is made by changing the 

magnitude of permittivity tensor, which allows large wavevector in one specific direction. 
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Figure 2.3. Hyperbolic dispersion relation of anisotropic medium is made by changing the sign 

and magnitude of permittivity tensor, which allow arbitrary unbounded large wavevector in one 

specific direction. Poynting vector S is normal to the wavevector. 
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Hyperbolic dispersion has unbounded IFC into one direction, x-direction in the case of 

Figure 2.3, thus it allows arbitrarily large unbounded kx. This is the most unique property of 

anisotropic materials having hyperbolic dispersion, subsequently called “hyperbolic 

metamaterials”. For obliquely incident light from free space with a wave vector k, the direction 

of refracted light can be determined from the fact that its group velocity is always normal to the 

IFC. The tangential wave vector at the interface should be conserved and the causality theorem, 

that is the energy flows away from the interface, should be satisfied with the Poynting vector S, 

which represents the energy flow direction. Depending on the flatness of the hyperbolic shape, it 

could show either negative refraction or positive refraction. The latter case is more useful for 

sub-diffraction imaging, which will be discussed in chapter 3. In former case, when the 

hyperbolic shape is not flat, the Poynting vector deviates from the wavevector and undergoes 

negative refraction, although the refraction for the wave vector is still positive. 

2.2 Design and fabrication of hyperbolic metamaterials 

2.2.1 Nanowire arrayed hyperbolic metamaterials 

There are two common methods to realize hyperbolic metamaterials. One is using arrays of 

parallel metallic nanowires such as silver and gold embedded in a dielectric matrix as shown in 

Figure 2.4. As long as the period of the nanowire array is much smaller than the working wavelength, 

one of the critical requirements for building metamaterials, the structure can be characterized as a 

homogeneous uniaxial anisotropic medium with a permittivity component parallel to the wires (εz) 

and another component perpendicular to the wires (εx) [39, 40, 41]. This is an important assumption 

for hyperbolic metamaterials called the effective medium approximation or effective medium theory 

[42, 43]. Based on this theory, the new bulk optical property of the hyperbolic metamaterial is 

defined as equation (2.5), where p is the filling ratio of metal and dielectric, εm and εd are the 

permittivity of the metal and dielectric, respectively.  

 
Figure 2.4. An example of hyperbolic metamaterials made by metal nanowire array in dielectric 

template of Silver and Aluminum Oxide [39] 
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Based on the effective media approximation above, εp is negative while εv keeps positive over a 

broad wavelength range from visible to near-infrared when we use a silver and aluminum oxide 

multilayer stack with filling ratio 0.5. The IFC of light inside such material is therefore 

hyperbolic and fulfills the requirement for achieving negative refraction. The real parts of εp and 

εv as functions of wavelength of EM waves in vacuum are calculated from the equation (2.5).  

The permittivity of aluminum oxide is ε=2.4 [44, 45] and the permittivity of silver was obtained 

from literature [46]. Applying the parameters into the equation (2.5), there are broad bands from 

visible to infrared over which pε and vε have different signs and therefore a hyperbolic IFC can 

be realized. This analytical information can be also validated by numerical simulation using a 

commercial software, COMSOL Multiphysics (a.k.a FEMLAB). Full-wave simulations 

considering the typical nanowire dimensions and real material permittivies for Al2O3 (εAl2O3 = 

2.4 [44, 45]) and Ag (εAg = -21.6+0.8i [46]) at a visible wavelength of 660nm. The shapes of 

IFCs obtained from the analytical solution and numerical solution are not perfectly identical, but 

deviate in high-k region because the analytical solution is based on approximation. This issue of 

when the effective medium approximation is valid will be discussed further in chapter 4.  

 

2.2.2 Multilayer stacked hyperbolic metamaterials 

The nanowire array method discussed in previous section provides a way to demonstrate 

negative refraction thanks to its unique hyperbolic dispersion. The deeply curved IFC of 

hyperbolic dispersion allows deviation of the Poynting vector to the negative direction, which is 

a very interesting observation allowing many potentially useful applications. However 

fabrication difficulty and limitations prevent more practical applications. Therefore, the other 

method of stacking a metal-dielectric multilayer shows potential to construct hyperbolic 

metamaterials in a more practical manner [17, 47, 48]. The principle is the same as in the 

nanowire array and follows the same effective medium approach described in equation (2.5). 

 

Figure 2.5. An example of hyperbolic metamaterials made by metal-dielectric multilayer of 

Silver and Aluminum Oxide [14] 
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The materials selection has a lot of flexibility depending on the working wavelength. The 

silver and Aluminum Oxide combination works mainly for ultra-violet wavelengths. A case 

suitable for visible frequency range will be discussed in chapter 4 and one for near-IR will be 

discussed in chapter 5. Also, another possibility using new semiconductor materials such as zinc 

oxide and indium tin oxide will be introduced later [49]. In terms of fabrication effort, the 

multilayer method is far superior to the nanowire array method as long as the quality of the 

multilayer is smooth and thin enough. Because effective medium theory is valid only if each 

component, in this case the thin film layers, is much thinner than a given frequency, the 

thickness control of each layer is very important. However, due to current nanofabrication limit, 

if the metal and dielectric film is grown too thin, they do not act as bulk materials. Therefore, 

controlling those two parameters is very important to ensure the validity of the multilayer 

method for hyperbolic metamaterials. Details will be discussed in next two chapters. 

 

2.3 Conclusion 

This chapter explained the theoretical background of hyperbolic metamaterials, which 

covers the principle of hyperbolic dispersion, including the physics, design and fabrication 

methods. Based on the effective medium approximation, the electric permittivity tensor of the 

metamaterials composed of a metal nanowire array embedded in dielectric template and a metal-

dielectric multilayer stack can have both different sign and magnitude of permittivity 

components over a broad frequency range. Due to the hyperbolic dispersion relation for the 

hyperbolic metamaterials, very large wavevector access is possible and this unique property will 

be essential to overcome diffraction limit in many applications, which will be covered in the next 

two chapters. Depending on the material selection of metal and dielectric, filling ratio of the 

materials, totally different new materials are built in the concept of metamaterials. Consequently, 

a great advantage of such metamaterials is that we can engineer the optical properties of 

materials on demand, so that we can control the light beyond diffraction limit more actively. 

Recently, a new concept of  a metasurface including hyperbolic metasurface, enhancing some 

limit of metamaterials is also introduced in several works in the literature [50] and will be 

discussed in a later chapter. 
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Chapter 3 Hyperbolic metamaterials for super-resolution 

hyperlens imaging 

 

Hyperbolic metamaterials for super-resolution hyperlens 

imaging 

3.1 Diffraction limit and resolution issue 

The resolution of conventional imaging systems is inherently restricted by the diffraction 

limit, where the spatial information of features smaller than one half of the wavelength is 

confined to non-propagating light and cannot be projected to the far-field. [11, 12] The detail of 

fundamental about diffraction limit and resolution of imaging systems is already discussed in 

introduction chapter 1. To overcome diffraction limit in optical imaging science and engineering, 

indeed a lot of approaches and methods have been studied and demonstrated. While near-field 

scanning optical microscopy can surpass this limit by collecting the evanescent field in close 

proximity to the object [51, 52], the slow scanning speed and near-field perturbation from the 

scanning tip prevent its application in real-time imaging and biological systems. A superlens [13], 

following Pendry’s proposal [5],  which projects the sub-diffraction limited images at the near-

field of the lens,  was the first step toward real-time sub-diffraction resolution imaging. The 

major breakthrough emerged with the concept of an optical hyperlens [14, 47, 48], showing the 

first proof-of-principal for magnifying sub-diffraction scale objects to the far-field as 

propagating waves. Utilizing alternating dielectric and metallic multilayer in a curved geometry, 

this metamaterial-based optical device achieves strong optical anisotropy that supports the 

propagation of waves with very large spatial frequency and, due to the cylindrical geometry, 

adiabatically compresses its lateral wave vector while the wave is propagating outward along the 

radial direction
 
[47, 53]. Consequently, the sub-diffraction details of the objects are magnified to 

be above the diffraction limit and can be transmitted to the far field. Since the first experimental 

demonstration of the cylindrical hyperlens in one dimension
 
[14], newly improved designs as 

well as fabrication techniques, such as the impedance matched [54], flat [55], oblate [56, 57], the 

aperiodic [57] and acoustic [59] hyperlens, have been proposed in the framework of 

transformational optics [60, 61, 62]. Nevertheless, all the experimental demonstrations of 

hyperlenses so far were limited to one dimensional magnification and UV wavelengths, whereas 

for any practical imaging applications it is critical to demonstrate two-dimensional imaging with 

resolution below the diffraction limit in the visible spectrum. In this chapter, I will present a 

novel approach called optical hyperlens for super-resolution imaging overcoming current 

diffraction limit far beyond with using hyperbolic metamaterials. Especially, with novel design 

of sphere shape and new materials combination, full two dimensional magnification imaging and 

visible frequency operation which are never achieved before will be demonstrated. Also, very 

easy integration with commercial confocal microscope and metamaterial hyperlens will be 

shown as a good example for practical device application of metamaterials. In addition, detailed 

design process to achieve the most optimized system, device fabrication and further metamaterial 

devices manufacturing will be discussed extensively.  

3.2 Design of spherical hyperlens 
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3.2.1 Mathematical studies for anisotropic materials design for light propagation 

The issue about diffraction limit we discussed in chapter 2 is the loss of evanescent wave in 

normal materials. In this small chapter, I want to discuss propagation of waves in isotropic 

materials and anisotropic materials for further design process of hyperbolic metamaterials. 

Figure 3.1 is schematic of field distribution of arbitrary located two objects in x-y plane 

propagating along z-direction. Field distribution of two objects in x-y plane is expressed by 

equation (3.1) when z position is zero. If I want to those two objects propagate into z-direction, 

it’s very clear that I want two objects are propagating into z-direction linearly which is 

represented by Figure 3.2. And, in mathematical form, it is expressed by equation 3.2 which 

means the given field distribution in arbitrary z position while the objects are moving to z-

direction is proportional to the original field distribution when z position is zero. This exactly 

means transferring field distribution from one plane to another without diffraction. 

 

 

Figure 3.1. Field distribution of two objects in x-y plane 

 

 

Figure 3.2. Field distribution of two objects in x-y plane propagating to z-direction 

( , , 0)x y z                                (3.1) 
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( , , ) ( , ,0)x y d C x y                    (3.2) 

In other words, to prevent diffraction limit, the field distribution is linearly transferred from the 

original plane (object plane) to the other plane (image plane) without any disturbance or change 

at every single point shown in Figure 3.3. 

 

 

Figure 3.3. Field distribution of two objects propagating to z-direction at every single point 

 

My goal at this moment is finding or designing proper materials which allow such linear 

propagation relation in z-direction (or any propagating direction). From the rules of propagation 

in electromagnetic, an equation for propagation of electromagnetic waves is expressed as below 

equation (3.3) in the case of z-directional propagation. Green color component represents the 

relationship between z-directional wavevector and x-y directional wavevectors. 
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Isotropic materials have a dependency between three wavevectors kx, ky and kz. Therefore, kz is 

also related with kx and ky. And, its relation is represented by equation (3.4) which is actually 

same form with equation (1.2) in chapter 1. 
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With applying equation (3.4) into (3.3), equation (3.5) is obtained, but it failed to satisfy making 

independent kz with regard to kx and ky., especially in the case of 0,x yk k nk . Therefore, it 

could not make the condition (3.2), so it could not propagate in isotropic materials resulting in 



19 

 

evanescent wave in this given materials. Therefore, I had to find a solution making kz apart from 

kx and ky, which means kz is independent from two other axes. One strong anisotropic case 

giving independency to kz with regard to kx and ky is the condition like equation (3.6) 

)[ , (]z x yk k k i C                                          (3.6) 

In above case, equation (3.3) becomes (3.7) which is simplified to the equation (3.8) and (3.9), 

consequently, because 
( )i i de  

 is independent from x and y. And, this equation (3.8) exactly 

matched to the equation (1.2) which satisfies propagating condition into z-direction. 
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( )[ , , ] [ , ,0]i i dx y d e x y                                           (3.9) 

 

3.2.2 Design of hyperbolic metamaterials as an anisotropic material 

Only remaining question is how to make such strong anisotropic materials. Here, I introduce 

one way to build hyperbolic metamaterials by thin film stacking method. From the previous 

chapter, we learned how we define new permittivity tensor along x, y and z directions based on 

effective medium theory in metal-dielectric thin film stack. Figure 3.4 shows an example of 

consisting of material 1 and 2 with their own optical properties such as permittivity.  

 

Figure 3.4. An example of multilayer stack consisting with two alternating materials. ε is 

permittivity, c is filling ratio of thickness d 

Depending on their permittivity and thickness (filling ratio to two materials), new permittivity 

with regard to three axes are defined by effective medium approximation. Now, this stacked 
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material is considered as a totally new material 3, which has different permittivity to the axis. In 

this case, in-plan permittivity x and y are same, and propagating direction permittivity z is 

different. This is the way how we make anisotropic materials, which also will be used to build 

hyperbolc dispersion relation with controlling the sign and magnitude of new permittivity on 

demand as we discussed in chapter 2. New permittivity equation is already represented in 

equation (2.5). If we specify them following Figure (3.4), it is represented as below equation 

(3.10). By changing the filling ratio of two materials and find the permittivity of two materials 

depending on the working wavelength, negative permittivity of εz and positive permittivities of 

εx and εy with different magnitude can be obtained and thus can construct hyperbolic dispersion 

at certain frequency range.  

1 1 2 2 1 2 1 2

1 2 2 1 1 2

( )
,

( )
x y z

c c c c

c c c c

   
  

 

 
  

 
               (3.10) 

 

3.2.3 Design of spherical geometry for far-field hyperlens imaging 

Based on the equations in previous chapter, hyperbolic dispersion relation could be 

successfully obtained. However, there is still a practical issue of acquiring image of propagating 

light in the hyperbolc metamaterials.  

 

 

Figure 3.5. Simulation for light propagation of two very small nanoscale objects in normal 

isotropic materials (blue color), and their distance is within diffraction limit.  
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Let say there are two nanoscale objects locating with a distance beyond the diffraction limit, for 

example, two 50nm diameter holes are 50nm apart from each other in the normal isotropic 

material such as air and wavelength 410nm. When light shine from the bottom in Figure 3.5, 

light pass through two objects and tries to propagate to the air. However, it does not happen 

because 50nm distance is far beyond diffraction limit at 410nm wavelength. In this condition, air 

does not have enough wavevector access due to its limited dispersion relation of kx, ky and kz. 

Under the condition, light becomes evanescent wave, thus light cannot propagate to the z-

direction in the air. This is normally what happened in isotropic materials available in nature.  

On the other hand, if a hyperbolic metamaterial are filled with the air, the light can propagate 

through the metamaterial because  it has enough high-k vector access into x-y direction to 

support the light to propagate into the z-direction. The schematic and light propagation are 

shown in Figure 3.6. A very important observation from Figure 3.6 is light decays exponentially 

after escaping hyperbolic metamaterial even though two objects successfully propagates in the 

matematerial assisted by large wavevector in-plane direction due to hyperbolic dispersion. This 

is a critical limitation preventing detection of images on the image plane. Several techniques to 

detect such small object smaller than diffraction limit exist like Near-field Scanning Optical 

Microscope (NSOM). However, far-field imaging technique with light propagation into the 

arbitrary space is essential to achieve convenient and practical super-resolution imaging. 

 

Figure 3.6. (a) Multilayer stacked hyperbolic metamaterial for light propagation two objects 

beyond diffraction limit (yellow/green color) (b) Simulation for light propagation of two very 

small nanoscale objects in a multilayer stacked hyperbolic metamaterial. Blue area is filled with 

hyperbolic metamaterials. Distance beyond diffraction limit is not decaying, but propagating 

along z-direction without diffraction. As soon as light goes out of hyperbolic metamaterial 

(marked as a black line), it decays exponentially since it becomes evanescent wave in the air.  
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Figure 3.7. (a) Sphere geometry shaped hyperbolic metamaterial based on metal-dielectric 

multilayer stack (b) Sub-diffraction limited objects are propagating into the radial direction (r) 

with gradual magnification along in-plane direction (ϴ and ϕ) 

  

 

Figure 3.8. (a) Detailed cross section of hyperlens of half-sphere shaped multilayer stack. Each 

position matches to ones in (b). The sub-wavelength objects are carved in a chromium layer atop 

the metal-dielectric oxide multilayer. The transverse magnetic (TM) component of unpolarized 

light relative to the plane is labeled by K (b) Corresponding positions in IFC 

 

To solve above issue, I developed a special geometry of half-sphere shaped hyperbolic 

metamaterial. As shown in Figure 3.7, hyperbolic metamaterial allows propagating light into the 

radial direction supported by large in-plane wavevectors. And the spherical geometry gives the 

gradual magnification along in-plane direction, so that the objects are over diffraction limit when 

they escape the hyperbolic metamaterial. At the boundary between metamaterial and outside 

background, two objects are not diffraction limited anymore, so it can be detected by 

conventional microscopes or other easy techniques. This is the main working principle how 

hyperlens magnifies sub-diffraction limited objects and project them to the far-field without 

diffraction. Detailed principle is explained in Figure 3.8. Position A is the case sub-diffraction 

scale objects are supported by large wavevectos kϴ and kϕ, resulting in starting propagating into 
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the radial direction, comparing that they become evanescent wave in normal materials. Position 

B is describing kϴ and kϕ is gradually compressed along the hyperbolic curve coreesponding the 

radial position changed. This is because optical momentum kin times r is conserved at every point. 

While propagating along r-direction, the radius becomes larger, then kin get smaller. When the 

light arrived at the position C, the distance of two objects becomes far enough, which is not 

diffraction limited anymore, so that they can be supported by dispersion relation of normal 

material, in this case glass substrate. Therefore, the light can propagate to free space even after 

getting out of hyperbolic metamaterial, and it can be easily detected by conventional microscope. 

 

3.2.4 Materials selection for hyperlens at visible frequencies 

One important thing to design hyperlens is materials selection. Because permittivity of 

materials changes depending on the given wavelength, I had to select materials combination 

carefully for my designated frequency range. Particularly, in this work, target wavelength range 

is full visible wavelength spectrum, so I tried to find the optimized selection which gives the 

broadest range of hyperbolic dispersion in visible frequencies. Especially, this hyperlens let the 

light propagating into z-direction, thus hyperbolic dispersion as flat as possible would be better 

in terms of energy transfer by Poynting vector. Visible wavelength operation requires a high-

index dielectric material to match the magnitudes of permittivities in the metal and dielectric at 

the operation frequency [63]. Therefore, we choose titanium oxide to be the dielectric material 

with a dielectric constant of 5.83 at 410nm, where the permittivity of silver in this wavelength is 

-4.99+0.22i [46]. The filling ratio is chosen to be 1:1 with a layer thickness of 30nm. The 

ultimate resolution limit is set by the magnification as well as the thickness of each layer, below 

which the multilayer cannot be considered as an effective medium. Being less than 1/10 of the 

wavelength, the effective medium approximation is met and the effective radial and tangential 

permittivities can be derived:  εr = -64-19.83i and εθ = 0.42-0.11i. The high contrast between the 

radial and tangential permittivities results in an ultra-flat unbound dispersion relation over a large 

range of wave vectors, allowing the subwavelength information to propagate in the hyperlens. 

This metal-dielectric combination gives the flattest hyperbolic dispersion ensuring propagation 

without diffraction into the radial direction like Figure 3.9. 

 

Figure 3.9. Flat hyperbolic dispersion made by silver and titanium oxide combination at visible 

frequencies. The IFC for the TM modes in the hyperlens compared with isotropic medium made 

of silicon oxide. The arrows, which are of unit length and on the ultraflat curve, show that all the 

k components (including those much larger than the wave vectors available in dielectrics) 

propagate along the same radial direction, indicating the lack of diffraction. 
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One other consideration for materials selection is choosing proper titanium oxide source. 

Titanium oxide has several compositions depending on their original status of the source. TiO, 

TiO2, Ti2O3 and Ti3O5 are common composition we could grow with electron beam evaporator 

system. To find the highest refractive index at visible frequencies, I did ellipsometry to measure 

the refractive index of two different titanium oxide source TiO2 and Ti3O5 in 50nm thick thin 

film. Each data of measured refractive index of N and K value is as shown in Figure 3.10 and 

Figure 3.11, respectively. The value of refractive index at 410nm is plotted, and it was confirmed 

Ti3O5 has higher index than TiO2. Also, in literature, it’s well known Ti3O5 has the most stable in 

the shape of thin film [64]  

 

Figure 3.10. Measured refractive index of TiO2 shows 2.14 at 410nm 

 

 

Figure 3.11. Measured refractive index of Ti3O5 shows 2.42 at 410nm 
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3.2.5 Final design confirmation of spherical hyperlens 

The spherical hyperlens is arranged in hemi-sphere geometry with alternating metallic and 

dielectric layers as shown in Figure 3.12. When the thickness of each layer is much thinner than 

the wavelength of the incident light, the effective permittivity of the multilayer device can be 

described as the composite average, 3 5

3 5

2 Ag Ti O

r

Ag Ti O

 


 



 

in the radial (normal to the metal-dielectric 

interfaces) direction and 3 5

2

Ag Ti O

 

 
 


  in the tangential direction (along the metal-

dielectric interfaces). r ,   and   follow the conventional definitions of the radial, polar and 

azimuth directions in spherical coordinates, as shown in Figure 3.8 (a). A small positive 

together with a large negative r , results in the propagation of a transverse magnetic (TM) wave 

being governed by a flat hyperbolic IFC shown in Figure 3.9, which allows the propagation of 

waves with much larger spatial frequencies than in natural media. On the other hand, the 

transverse electric components, having no electric field along the radial direction, propagate 

through the hyperlens as a low-index isotropic medium such that the non-zero spatial frequencies 

are filtered out. Hence, the objects can only be magnified in one direction under linear polarized 

illumination. We overcome this restriction by illuminating the sample with unpolarized light, 

which contains TM components spanning the whole two dimensional reciprocal space, thus 

supports propagation of sub-wavelength features in both dimensions. At the same time, the 

spherical geometry, along with the diffraction control enabled by the flat dispersion, result in a 

gradual magnification of the sub-wavelength objects during the radial transmission, where the 

evanescent waves are adiabatically transformed into the propagating waves. Consequently, a 

magnified image is formed at the output plane of the hyperlens, which can be subsequently 

acquired though a conventional optical microscope.   

 

 

Figure 3.12. Schematic drawing of the final design of spherical hyperlens with sub-diffraction 

features on the top layer of hyperlens and TM light excitation from the top 
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3.3 Numerical study for spherical hyperlens 

3.3.1 Full-wave three-dimensional simulation 

To further support our experimental results, we performed a full-wave three-dimensional 

electromagnetic simulation with commercial Finite Element Analysis software (COMSOL). The 

radii of the inner and outer spherical surfaces of the hyperlens are taken as 210nm and 500nm, 

respectively, making the designed magnification ratio 2.4. Figure 3.14 shows the hyperlens 

imaging of three apertures with 150nm separation inscribed on the inner surface.  The electric 

field distribution at the outer spherical surface of the hyperlens clearly shows how the three 

apertures at the inner surface are magnified to three bright spots with separation of 360 nm in a 

good agreement with the analytical calculations, showing a magnification of 2.4 in both x-y 

directions. By increasing the ratio between the inner and outer radius of the hyperlens, the 

magnification and resolution can be further improved while reducing the transmission of the 

hyperlens. 

 

 

Figure 3.13. Full-wave simulation of the working hyperlens for complex structure to confirm 

distortion and aberration depending on the arbitrary object shape. Smiling face consisting of two 

dots and one bar is simulated in 3D. Due to the complexity of structure and different height 

where the patterns locate, there is a distortion along the radial direction. 
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Figure 3.14. Full-wave simulation of the working hyperlens. A FEM analysis shows the 

magnified image of sub-diffraction limited objects. The objects are composed of three circular 

openings on perfect electric conductor. The diameter of each circle is 50 nm, and the distance 

between the circles is 150 nm. The working wavelength is 410 nm. At the image plane, the 

distance between the circles increased to 360 nm, which corresponds to the magnification of 2.4. 

 

3.3.2 Simulation method 

The full-wave three-dimensional electromagnetic simulation (Figure 3.13 and Figure 3.14) is 

performed in COMSOL. The hyperlens is represented by an effective medium with permittivity 

tensor (3.11) in the Cartesian coordinate: 
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where ),,( r is the Spherical coordinate triplet, meanwhile ,  r and    are defined in the 

result section. The surrounding medium in Figure 3.13 is silicon oxide. The objects at the inner 

surface is composed of three circular openings in a Perfect Electric Conductor (PEC). The 

distance between the circles is 150 nm, which is smaller than the diffraction limit at 410 nm 

wavelength. In the simulation, the radial polarized illumination condition is applied to represent 

the unpolarized light used in the experiment. In addition to above simple case of three dots 

locating in triangle position, more complicated nanoscale objects are simulated to confirm the 

performance of hyperlens as shown in Figure 3.14. Detailed experimental result will be 

discussed in next chapters. 
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3.3.3 Optimization of magnification and transmission 

To realize optical hyperlens for sub-diffractional imaging, one important thing to consider is 

optimization of magnification and transmission. Unlike normal lens system, this metamaterial 

based hyperlens uses metal and dielectric thin films. Especially, due to the reflecting 

characteristic of metals, hyperlens intrinsically reflect light while it transmits some portion of 

light. Magnification is defined as the ration of the projected image distance and original object 

distance. In the case of spherical hyperlens, from the sphere geometry, it is determined by the 

relation of 
outer d

M
inner d

 , and this is proportional to the number of total thin film layers. At the 

same time, due to the reflecting property of the metal, transmission is inverse proportional to the 

number of thin film layers. In other words, the more layers give, the less transmission and the 

higher magnification are offered to the hyperlens. To optimize two parameters for ideal 

performance of hyperlens, two designs are considered at the design stage.  The first design is 

magnification priority model shown in Figure 3.14 (a), in this case, total 44 layers are simulated 

to give magnification value 4.85 which can provide 80nm resolution. However, in this design, 

transmission through 22 layers is only 6%, which is very difficult to detect the transmitted light 

at the far-field. In the transmission priority design (Figure 3.14 (b)), 18 layers are stacked to give 

magnification of 4.17 with the resolution of 110nm and yet keep 25% transmission, which is 

high enough to detect with EM-CCD camera at the far-field. Even though the resolution and 

magnification decreased 15%, transmission increased nearly 5 times, so the transmission priority 

design is selected for the final design. 

 

 

Figure 3.15. (a) Magnification priority design. Hyperlens consists of 22 pairs of silver-titanium 

oxide. The inner radius is 400nm and the outer radius is 1940nm, which gives magnification of 

4.85.  (b) Transmission priority design. Hyperlens consists of 9 pairs of silver-titanium oxide. 

The inner radius is 210nm and the outer radius is 875nm, which gives magnification of 4.17. 
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3.4 Hyperlens device fabrication 

The fabrication process is schematically shown in Figure 3.16 (a)-(e). Initially, the half-

spherical geometry of the hyperlens is formed by isotropic wet-etching into the quartz substrate. 

Nine pairs of silver and titanium oxide thin film layers were subsequently deposited with layer 

thickness of 30nm.  Finally, the arbitrary sub-diffraction limited features are inscribed on an 

additional chromium layer by focused ion beam milling to serve as objects for imaging. The final 

structure is confirmed by cutting a cross section of the spherical hyperlens (Figure 3.17). In 

detail, spherical hyperlens fabrication starts with a highly refined quartz wafer. (Fused Silica 

Corning 7980 of UV Grade 1" square x .006" ± .001" thick) To prevent the pinholes made from 

deposition, at least 100nm-thickness chromium is necessary for the etching mask. Circular 

opening as small as 50nm is followed by focused ion beam milling (Strata 201XP, FEI). The 

half-spherical geometry of the hyperlens is formed by isotropic wet-etching into the quartz 

substrate with 10:1 buffered oxide etchant. The shape of the lens is defined by the etching mask, 

and the diameter is precisely controlled by the etching time. The spherical shape of the etched 

cavity is examined by atomic force microscope (Dimension 3100, Veeco). After removing 

chromium mask layer by another wet etching with CR-7 etchant, Electron beam evaporation 

system (EB-4P, Torr) was used to deposit the silver and titanium oxide multilayer. To reduce the 

scattering from the surface roughness, vacuum condition is kept at 10
-7

 Torr and the film growth 

rate is kept as slow as 0.1nm/s. As the last step, one additional layer of 50nm chromium is 

deposited, and the arbitrary sub-diffraction limited features such as nanometer-sized apertures 

and slots are inscribed by focused ion beam milling. The surface roughness of the final structure 

is < 1.5nm RMS. SEM image (Figure 3.17) is taken after short BOE soak to give high contrast. 

 

 

Figure 3.16. Structure and fabrication procedure of the spherical hyperlens. (a) Chromium hard 

mask layer is deposited on a quartz wafer. (b) Opening window is made by focused ion beam 

milling. (c) Isotropic wet etching defines a half-spherical geometry, and the mask layer is 

removed. (d) A total of 18 layers are conformally deposited onto the hyperlens structure. (e) On 

the top of 18 silver-dielectric stack, chromium layer is deposited to engrave arbitrary objects. 
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Figure 3.17. A scanning electron microscope (SEM) image of the cross-sectional view of 

spherical hyperlens. The multilayer stack is clearly seen layer by layer.  

 

3.5 Experiment of optical measurement 

3.5.1 Experimental setup 

The experiment is operated in a normal transmission optical microscopy system, where the 

objects on the inner hyperlens surface are illuminated by a normally-incident and unpolarized 

white light source (XE120, EXFO) with a 10nm band pass filter centered at 410nm. A magnified 

image on the outer surface is then imaged through the objective (100X oil immersion objective, 

NA=1.3, Zeiss) and captured by EM-CCD camera (NS-H9100-02, Hamamatsu). Multiple 

exposures are taken and averaged to increase the signal-to-noise-ratio. 

 

 

Figure 3.18. Hyperlens experimental set-up integrated into the conventional confocal microscope  
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3.5.2 Confirming practical diffraction limit as a control experiment 

Theoretical diffraction limit of imaging system shown in Figure 3.18 is determined by 

Rayleigh criteria that we discussed in Chapter 1 and Chapter 2 and calculated as below equation 

3.12. To confirm this value really works, control experiment verifying diffraction limit is 

executed. Control objects are three dots patterned on 50nm thick thin chromium layer, as keeping 

the same condition with real hyperlens experiment except the geometry.  

0.61 0.6 410
192

1.3
x y

nm
or nm

NA

 
                    (3.12) 

We decreased the distance with 10nm step from 400nm to 100nm. When the distance is far 

larger than expected diffraction limit, they are clearly resolved like Figure 3.19. However, once 

the distance arrived at 270nm, three dots are about to be seen as a circular aperture, which means 

not resolving properly. Further, in the case of 160nm obviously beyond given diffraction limit, 

they are not resolved and showed very high intensity of one circular aperture. From this 

experiment, we can conclude the practical diffraction limit of this imaging system is around 

270nm, corresponding 
NA

  as some literature claim diffraction limit criteria. [14] 

 

 

Figure 3.19. Control experiment of three dots in flat metal layer of which distance is 380nm. 

Because the distance is far over diffraction limit at 410nm wavelength, they are clearly resolved. 

 

 

Figure 3.20. Control experiment of three dots in flat metal layer of which distances are (a) 

270nm and (b) 160nm.  (a) Objects start not to be resolved. It can be considered as a practical 

diffraction limit of current imaging system. (b) Beyond diffraction limit, obviously not resolved. 
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3.6 Results and discussion 

3.6.1 Observation of resolution beyond the diffraction limit 

The hyperlens is placed in a transmission optical microscopy system such that it serves as 

an integral part of the microscope with the ability to deliver the sub-wavelength features into the 

propagation regime, where they can be collected by the objective lens. Figure 3.21 (1.5D) and 

Figure 3.22 (1.5D and 2D) depicts three sets of the magnified images of sub-diffraction limited 

objects, obtained by CCD camera at the image plane. The objects shown in Figure 3.22 (a) 

consists of two apertures of 100nm diameter and a slot of 100nm width, which are separated by 

160nm and 180nm respectively. The magnified optical image on the hyperlens is shown in 

Figure 3.22 (b). The result indicates that the separation of 160nm and 180nm are clearly resolved 

in the experiment, despite being below the diffraction limit of the 410nm illumination 

wavelength. Figure 3.22 (c) presents the cross section along the red line in Figure 3.22 (b) 

showing a measured distance between dots and bars of 346nm and 363nm, corresponding to 

magnifications of 2.02~2.16. A different objects, made of three apertures located in triangular 

configuration with 160nm, 170nm and 180nm spacing in three sides (Figure 3.22 (d)) is also 

clearly resolved at the far field (Figure 3.22 (e)); the separation of the two apertures is measured 

to be 333 nm in the cross-sectional analysis shown in Figure 3.22 (f). Given the fabricated 

distance of 160nm, the averaged magnification ratio is 2.08. This ratio is smaller than the 

designed value, which is mainly due to non-conformal deposition and inaccurate thickness 

control of the layer, resulting in deviation of the concentricity of the hyperlens and a position 

dependent magnification power. In addition the hyperlens magnifies the image of the objects 

onto a spherical surface, resulting distortions in subsequent conventional microscope image are 

shown in Figure 3.22 (b) and Figure 3.22 (d). Adapting thin film deposition techniques with 

improved conformality, thickness and roughness control can considerably improve the quality of 

the hyperlens, and in principle, these image aberrations can be compensated by introducing more 

corrections conventionally employed in lens design. 

 

 

Figure 3.21. Measurement result with the magnifying hyperlens. Image taken of the object being 

magnified by the hyperlens. The sub-diffraction-limited objects (same gap of 180nm and 160nm) 

were clearly resolved by the spherical hyperlens. Along the red dash line, a cross section is taken 

to calibrate the performance of the hyperlens. Cross-sectional analysis shows separation by 536 

and 476 nm, respectively, corresponding to ×2.97 magnification. 
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Figure 3.22. Measurement result with the magnifying hyperlens. (a) SEM image of object 1: two 

100 nm diameter dots separated by a 100 nm wide bar. The gap sizes are 180 and 160 nm. All 

scale bars shown in the figure are 500 nm. (b) Image taken of the object being magnified by the 

hyperlens. The sub-diffraction-limited objects were clearly resolved by the spherical hyperlens. 

Along the red dash line, a cross section is taken to calibrate the performance of the hyperlens. (c) 

Cross-sectional analysis showing separation by 363 and 346 nm, respectively, corresponding to 

×2.16 magnification. (d) SEM image of object 2: three dots positioned triangularly with gaps of 

180, 170 and 160 nm. (e) Image taken of the object being magnified by the hyperlens. The sub-

diffraction-limited objects were clearly resolved by the hyperlens. (f) Cross section of the object 

along the red line after being magnified. Magnified distance is 333nm, corresponding to x2.08. 

 

3.6.2 Control experiment to confirm the hyperlens performance 

One concern raised during hyperlens experiment is that the magnification effect happens 

only by geometry effect from sphere shape. To make sure this concern, I executed one control 

experiment verifying the performance of hyperlens. One sample is a hyperlens we used for 

optical measurement, and the other is a lens made with same thickness (540nm) of titanium 

oxide layer only. Same sub-diffractional objects of three dots used in Figure 3.22 (d) are carved 

on the top chromium layer of both lenses. As shown in Figure 3.22 (e), the spherical hyperlens 

successfully resolved images far smaller than diffraction limit. However, a normal lens shows 

only a spot which means three objects are not resolved due to diffraction limit. This control 

experiment confirms magnification is not just from geometry effect, but from the unique 

hyperbolic dispersion relation supporting large wavevector transferring evanescent waves to 

propagating waves, which is the fundamental physics of hyperlens. 
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Figure 3.23. Control experiment confirming hyperlens performance. (a) Hyperlens resolve the 

object overcoming diffraction limit. (b) Non-hyperlens sample consisting of only titanium oxide 

layer with same thickness does not resolve the same size objects due to diffraction limit. 

 

 

Figure 3.24. 1.5D sub-diffraction objects magnified through hyperlens experiment with (a) 

vertically polarized light (b) horizontally polarized light 

 

3.6.3 Polarization dependency experiments 

To confirm our experiments with unpolarized light, I also conducted the same experiments 

with polarized light. In Figure 3.24 and Figure 3.25, (a) is done with vertically polarized light, 
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which shows magnification only happens in y-direction, and (b) is done with horizontally 

polarized light, which shows magnification only happens in x-direction. In other words, 

magnification with polarized light exists along the polarization direction, which is the limitation 

of previous hyperlens workingwith only TM polarized light [14]. Using unpolarized light, 

spherical hyperlens can have hyperlensing effect in two lateral dimensions regardless of 

directionality, which is one of the original finding of this work. 

 

 

Figure 3.25. 2D sub-diffraction objects magnified through hyperlens experiment with (a) 

vertically polarized light (b) horizontally polarized light 

 

3.7 Summary 

In this chapter, I present the first spherical hyperlens for two-dimensional sub-diffraction 

limited real-time imaging at visible frequencies without the need for optical scanning or image 

reconstruction [65]. By implementing the principle of hyperbolic dispersion into the innovative 

spherical geometry, we have designed and demonstrated the first hyperlens that projects an 

optical image onto the far-field with resolution beyond the diffraction limit in both lateral 

directions on the object plane. Our results indicate that with real material and practical 

fabrication techniques, the hyperlens can be operated at the visible frequency, which is of vital 

importance to biological applications. Improved thin film deposition techniques will eliminate 

the distortion found in the current experiments to a considerable extent. This spherical hyperlens 

can be readily integrated with optical microscopes as the magnified images from the hyperlens 

are comprised of propagating waves and can be further manipulated by conventional optics in 

real-time. The unique sub-diffraction imaging capability and visible frequency operation of the 

presented hyperlens make it competent for next generation optical metrology, molecular imaging 

and nanolithography. Transforming scattered evanescent waves into propagating waves, the 

hyperlens produces a magnified image at the far-field where it could be further processed by 

conventional optics. The visible wavelength operation with sub-diffraction resolution opens new 

avenues towards optical nano-scope and real-time biomolecular imaging in living cells. 
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Chapter 4 Hyperbolic metamaterials for nanoscale 

optical cavities 

 

Hyperbolic metamaterials for nanoscale optical cavities 

4.1 Introduction to optical cavity and diffraction limit issue 

Diffraction limit in optical science and engineering is intensively described in previous 

chapters, and metamaterials have provided several solutions on this matter. Among many 

extraordinary effects of various metamaterials, hyperbolic metamaterials have a particularly 

great potential to access sub-diffraction scale light. Super-resolution imaging by utilizing high-k 

vector is demonstrated by hyperlens allowing sub-diffraction light propagating into the far-field. 

Similar phenomena but the different application is possible by the same hyperbolic 

metamaterials using unique property of sub-wavelength light access. In this chapter, I will 

introduce an application of hyperbolic metamaterials into optical cavity science and engineering 

which overcomes the limitations of current state-of-the-art in the field.  

 

 

Figure 4.1. Schematic of optical Fabry-Perot cavity with three different modes 

 

Optical cavity is basically the fundamental component confining light and enhancing the 

energy level to make laser beam. Optical cavity consists of two mirrors and light is travelling 

inside the cavity by reflecting each mirror. As shown in Figure 4.1, once light is introduced 

inside the cavity, the light continues travelling and reflecting on the mirrors until they are 

vanished due to loss. The loss is made when the light hits each mirror. While they are travelling 

in the cavity, the energy level increases and gets unstable when reflecting the mirrors. Once the 

level is high enough, an external force pushes the light to make a laser beam as the energy level 

goes back to the ground state. This is the basic principle laser beams are made. Thus, the key 

issue to make laser beams is how the cavities captured the light efficiently, increase the energy 

level without loss and eventually make laser beam with less external pump force. 
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The resonance condition of optical cavity is expressed in equation (4.1). In the conventional 

cavity, by solving the electromagnetic wave equation, the standing waves supported between two 

mirrors will have the resonance frequency condition which is proportional to the mode order m, 

and inverse proportional to the cavity size L and the refractive index n. c is the light speed in 

vacuum, so it can be assumed as a constant value. Therefore, we can change the frequency f by 

tuning the index n or tune the size L. f is inversely proportional to n, so wavelength is 

proportional to refractive index n. For example, with natural material having same refractive 

index, larger cavity has lower frequency and longer wavelength (normal dispersion), and higher 

order mode has higher frequency and shorter wavelength corresponding smaller refractive index 

n (normal dispersion). In this equation, one important point is that size and index are independent 

to each other, and this is the most different case of metamaterials cavities which will be 

discussed in later this chapter. 

2
m

m c
f

L n

 
  

 
                                                               (4.1) 

By squeezing light into a smaller dimension, the photonic density of state can be substantially 

enhanced due to the reduced mode volumes. This leads to a much faster emission process, and 

straight forwardly brighter and faster optoelectronics. The enhancement is determined by so 

called Purcell factor, which is the ratio of the artificially tailored photonic density of states and 

the density of states when the emitter is sitting in vacuum. Ever since the development of cavity 

QED in 80’s, people know how to intervene the spontaneous emission process of an emitter. In 

stead of reducing the mode volume, people typically introduce a high quality factor cavity to 

enhance the photonic density of states by reducing the spectral line-width.  

For optical cavity, one important parameter is the quality factor Q, which is defined as 

electromagnetic energy stored inside the cavity divided by the energy dissipated per cycle, it 

represents the optical loss (how long the optical energy can be stored); and modal volume V is 

defined as total electromagnetic energy divided by the maximum energy density, it gives the size 

of the optical confinement, (how tight the optical energy can be localized). The large Q/V ratio 

represents low loss and small size (represents both long photon lifetime and strong optical 

intensity,) and is the figure of merit Q/V for the enhancement of light matter interaction. And 

those relations are expressed as equation (4.2) and (4.3). Finally, to determine the performance of 

optical cavities, Q/V called figure of merit is evaluated for general method of cavities science 

and engineering. 

2
Electromagnetic Energy Stored

Q
Energy Dissipated per cycle

                                       (4.2) 

max( )

Total Electromagnetic Energy
V

Electromagnetic Energy Density
                           (4.3) 

In addition to the quality factor in cavity, general criteria determining enhancement of light-

matter interactions is introduced in equation (4.4). Therefore, finding larger figure of merit in 

various cavities is very important and this is able to be achieved by achieving either higher 

quality factor or smaller mode volume, or both.  
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 Purcell factor for spontaneous emission :  Q / V

 Optical forces and trapping & Biosensing :  Q / V

 Strong coupling for cavity QED :  Q / V

 optical nonlinearities :  Q / V









                    (4.4) 

Figure 4.2 is a diagram of state-of-the-art different micro- and nanoscale cavities with 

regard to Q and V. Silica microsphere and microtoroid have highest Q and largest modal volume 

as well. With high index material, such as silicon, we can make smaller microdisk and microring 

resonators, with lower-Q too. High-Q photonic crystal cavities with modal volume of single 

cubic wavelength can be also designed, but it is still diffraction limited so it cannot achieve small 

mode volume. With the help of surface plasmons, recent plasmonic cavities such as plasmonic 

microdisk, FP cavity, and plasmonic nanostructures achieve sub-wavelength mode volume V, so 

the Q/V ratio is quite high even the Q is low due to the metal loss. However, it could not achieve 

high performance cavities compatible to conventional dielectric cavities due to their small 

quality factor. Main reason they could not overcome diffraction limit is that all these cavities are 

made from natural materials such as silica (silicon oxide), silicon, plasmonic materials, whose 

materials properties, especially dispersion relation, are limited discussed in chapter 1 and 2.  

 

 

Figure 4.2. Diagram of current microscale and nanoscale optical cavities depending on Q and V  

 

To overcome above size issue, metamaterials can be utilized. For example, if refractive 

index n is related to the cavity size, then the resonance frequency might show some anomalous 

dispersion. Quality factor and modal volume V can also be significantly influenced. In next 
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sections of this chapter, I want to show new kind of nanocavity made with hyperbolic 

metamaterials, which has deep sub-wavelength and anomalous dispersion, and high radiation Q.  

In optical cavities, the radiation loss from total internal reflection strongly depends on the cavity 

size. For optical cavities with size larger than wavelength scale, such as microsphere, microdisk, 

TIR induced radiation Q increases as the mode volume gets larger due to the smaller surface 

curvature and the reduced radiation leakage. On the other hand, a novel deep sub-wavelength 

nanocavity based on hyperbolic metamaterials I will show in this chapter has unique phenomena 

not only radiation Q increases dramatically when the cavity is even shrank, but also the 

resonance frequency is independent on the cavity size. 

 

4.2 Metamaterials for optical cavities scaling down to nanoscale 

As we studied in previous chapters, metamaterials have allowed extraordinary 

electromagnetic properties that are not attainable in nature [2, 6, 7, 15, 19, 21, 22, 25, 66]. 

Indefinite media with hyperbolic dispersion called hyperbolic metamaterials, in particular, have 

found intriguing applications [14, 38, 47, 48]. The miniaturization of optical cavities increases 

the photon density of states and therefore enhances light–matter interactions for applications in 

modern optoelectronics. However, scaling down the optical cavity is limited to the diffraction 

limit and by the reduced quality factor. In this chapter, I will show experimentally demonstrated 

optical cavity made of indefinite metamaterials that confines the electromagnetic field to an 

extremely small space. The experiments reveal that indefinite cavities demonstrate anomalous 

scaling laws: cavities with different sizes can resonant at the same frequency, and a higher-order 

resonance mode oscillates at a lower frequency. We also demonstrate a universal fourth power 

law for the radiation quality factor of the wave vector. Cavities with sizes down to l/12 are 

realized with ultrahigh optical indices (up to 17.4 experimentally and up to 39.5 theoretically), a 

feature that is critically important for many applications [55, 62, 67, 68, 69]. The strong optical 

field confinement in optical cavities such as microspheres, microtoroids and photonic-crystal 

cavities [70, 71, 72] has led to numerous exciting applications in areas including integrated 

photonics, nonlinear optics, quantum electrodynamics and optomechanics [73, 74, 75, 76]. 

Owing to the limited refractive indices of naturally available materials, the physical sizes of 

these cavities are limited to the wavelength scale for efficient light confinement. Most recently, 

metamaterials with an ultrahigh refractive index (in the terahertz regime) have been explored [8, 

77, 78]. However, the experimental implementation of such a metamaterial at optical frequencies 

is difficult because of fabrication constraints. Another approach for achieving nanoscale optical 

cavities that makes use of nanowire metamaterials has been theoretically investigated [79]. In 

this chapter remained, I will show experimentally demonstration of hyperbolic metamaterials 

with optical refractive indices as large as 17.4, which is far beyond that found in natural 

materials. With such a high optical index, three-dimensional optical cavities with dimensions 

down to l/12 and unprecedented properties are demonstrated. Unlike conventional cavities where 

the resonant frequencies depend strongly on size, indefinite cavities support exactly the same 

resonant frequency in cavities with drastically different sizes as the result of their size-dependent 

effective indices. This cavity is found to scale anomalously such that a higher-order mode will 

resonate at a lower frequency. In contrast to the commonly understood principle, the radiation 

quality factors of the cavities scale inversely with cavity size, and we find experimentally there is 

a universal fourth power law between the radiation quality factor and the resonating wave vector. 
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4.3 Design of nanoscale metamaterials optical cavities  

4.3.1 Hyperbolic metamaterials for optical cavities 

The metamaterial structure consists of alternating thin layers of silver (Ag) and germanium 

(Ge) (Figure 4.3 (a)). When the multilayer period is much less than the wavelength, the 

multilayer can be considered as an effective medium described by the Maxwell-Garnet theory. 

The permittivity tensor of such metamaterials is uniaxial and the real parts of its principal 

components can have different signs, resulting in a 3D hyperboloid iso-frequency contour (IFC) 

(Figure 4.3 (b)). A spherical IFC of air with radius of k0 is plotted for comparison ( 0 02k   ). 

As the results of the open-curved hyperboloid dispersion, the indefinite medium allows wave 

with extremely large wave vector to propagate and the giant momentum mismatch between the 

metamaterial and the air causes the total internal reflection (TIR) at the interface. By cutting the 

metamaterial into a subwavelength cube, 3D optical Fabry-Pérot cavity can be formed with an 

effective refractive index 0effn k k . Since theoretically extreme large wave vectors can be 

reached along the unbound IFC hyperboloid, the cavity size can be ideally squeezed into 

nanometer scale.  

 

 

Figure 4.3. Schematic of multilayer hyperbolic metamaterial structure and its hyperboloid IFC. 

(a) Indefinite metamaterial with alternating silver and germanium multilayers. The permittivity 

components are negative along the x- and y-directions and positive along the z-direction 

(obtained from effective medium theory). A three-dimensional hyperbolic metamaterial optical 

cavity can be created based on TIR at the interface between the metamaterial and air. (b) 

Hyperboloid IFC of the multilayer metamaterial calculated from the dispersion relation (blue 

surface) and the spherical isotropic IFC of air with radius k0 (green surface). The yellow dot 

located on the hyperboloid shows the resonating wave vector k inside the cavity, which is much 

larger than k0, indicating an ultrahigh effective refractive index 0effn k k . 
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4.3.2 Permittivity and dispersion relation for hyperbolic metamaterials 

The multilayer metamaterial can be treated as a homogeneous effective medium and the 

anisotropic permittivity tensor components can be determined from the Maxwell-Garnet theory 

[86, 87]. 

( ) (1 )
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                                       (4.5) 

Here p is the filling ratio of metal, m and d are the permittivity of metal and dielectric, 

respectively. The optical properties of silver are obtained from the Drude model where 

 2 2

Ag p i        with background dielectric constant ε∞=5.0, plasma frequency ωp = 

1.38×10
16

 rad/s, and collision frequency γ = 5.07×10
13

 rad/s [46]. The permittivity of germanium 

is around 16. Figure 4.4 shows the calculated permittivity components from equation (4.5), 

which show negative along x and y directions (parallel to the multilayers) and positive along z 

direction (vertical to the multilayers). For example, at the frequency of 191 THz (1.5um), εx & εy 

are -41+2.2i and εz is 29.1+0.1i. The dispersion relation for this uniaxial anisotropic material in 

x-z cross section is expressed in equation (4.6). 

2 2 2
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x z

z x
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c



 
                                                    (4.6) 

For the three-dimensional Fabry-Pérot type metamaterial cavities, the resonant condition is that 

the round-trip phase 2kiLi equal to 2miπ in all three directions, where Li is the cavity size along i 

direction, mi is the mode order and i = x, y, z. The resonating wave vector of cavity mode is then 

approximately 0 0 2i i ik k m L

 

Figure 4.4. The principal components of permittivity tensor for the metamaterial consisting of 

alternating thin layers of Ag and Ge, calculated from the effective medium approach with a metal 

filling ratio of 0.4. This makes hyperbolic dispersion over broad frequency range. 
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Figure 4.5. Hyperbolic IFC of hyperbolic metamaterials, which can confine light into x-y 

direction (type II), comparing z-directional propagation (type I) 

 

Figure 4.5 shows dispersion relation of hyperbolic metamaterials derived from Figure 4.4. 

Unlike the hyperlens case in chapter 3, this hyperbolic IFC has 90° degree rotated hyperboloid 

shape. Comparing hyperlens has (+, +, -) sign of permittivity tensor, above hyperbolic 

metamaterials has (-, -, +) sign of permittivity tensor. Therefore, it would confine light in x-y 

direction rather than propagate into z-direction. For the clarification purpose, we simply classify 

hyperlens case as hyperbolic metamaterials type I, and cavity case type II. Simple comparison is 

show in Figure 4.6. 

 

 

Figure 4.6. Comparison of hyperbolic metamaterials type I and II 

kx

kz

air
k0
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4.3.3 Total internal reflection mechanism  

As shown in Figure 4.3 (b), due to the nature of hyperbolic dispersion, the 3D hyperboloid 

supports large wave vectors including components in all x, y, z directions, where kz can have the 

same order of magnitude with kx or ky. By cutting the indefinite medium into small cubes, 3D 

Fabry-Pérot cavities are formed with the TIR at the interface of air and indefinite medium. The 

hyperbolic IFC shown in Figure 4.3 does not form a closed curve and therefore propagating 

modes in certain directions are forbidden, resulting in different TIR conditions for different 

directions of propagation. For the top and bottom facets parallel with the multilayer, there is no 

mode in air that matches kp (the momentum parallel with the multilayer) in the indefinite 

medium, and therefore these facets totally reflect light with any allowed incident angles. On the 

other hand, the TIR critical angle c  of the side walls is given by 
 

arctan
1

p

c

v p




 



 from 

the condition of kv > k0, based on the dispersion relation, equation (4.5). The permittivity tensor 

components parallel with (εp = εx = εy) and perpendicular to (εv = εz) the multilayer can be 

estimated using effective medium approximation as shown in equation (4.4). Figure 4.7 shows 

schematic how TIR happens in this metamaterial cavities. 

 

 

Figure 4.7. Schematic of TIR mechanism to construct cavity 

 

4.4 Numerical study for metamaterial optical cavities 

4.4.1 Simulation for ideal design case 

Figure 4.8 shows the calculated cavity modes in indefinite optical cavities. The cross-

section of the IFC at 150 THz was obtained from a spatial Fourier analysis of finite-difference 

time-domain (FDTD) calculations, which matches the effective medium calculation well (Figure 

4.8 (a)). It is clear that the five cavities with different size combinations (width, height) support 

identical optical modes with the same resonant frequency and the same mode order (mx, my, mz) 

= (1, 1, 1) (Figure 4.8 (b)). The resonating wave vectors of these cavity modes locate on the same 

hyperbolic IFC in Figure 4.8 (a). For conventional optical cavities made of natural materials, the 

resonant frequency of a cavity mode is strongly dependent on cavity size because the available 

wave vector is limited to a circular or elliptical IFC in isotropic or anisotropic materials. In 
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contrast, indefinite cavities with drastically different sizes resonate at an identical frequency as 

long as the resonating wave vectors share the same IFC. This is due to the fact that, when the 

cavity scales down, the resonating wave vector increases along the unbounded hyperbolic 

dispersion. For example, an optical cavity with size (width, height) of (45, 30) nm, equivalent to 

(l/44, l/67), supports a wave vector of k = 39.5k0 for the (1, 1, 1) mode, which corresponds to neff 

= 39.5. Furthermore, among the first five eigen-modes along the z-direction for a cavity with 

dimensions of (160, 150) nm (Figure 4.8 (c)), the higher order mode is found at a lower resonant 

frequency, displaying anomalous dispersion in relation to the mode orders due to the opposite 

signs of the principal components of the permittivity tensor. Such behavior is also observed 

when using the effective medium calculation (Figure 4.9). 

 

 

Figure 4.8. FDTD-calculated IFC of the multilayer metamaterial and mode profiles of indefinite 

optical cavities. (a) Cross-sectional view of the hyperbolic IFC for 4 nm silver and 6 nm 

germanium multilayer metamaterial at 150 THz (bronze curve), which matches the effective 

medium calculation (white line). The yellow circles represent the resonating wave vectors of the 

cavity modes shown in b, and the green circle represents the light cone of air. (b) FDTD-

calculated electric field (Ez) distributions of the (1,1,1) mode for cavities made of 4 nm silver 

and 6 nm germanium multilayer metamaterial with different size (width, height) combinations 

but at the same resonant frequency of 150 THz. c, FDTD-calculated Ez distributions of the first 

five cavity modes along the z-direction for the (160,150) nm cavity. 
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Figure 4.9. Cavity mode profiles obtained from the multilayer metamaterial calculation and the 

effective medium approach. (a) the electric field Ez distributions of the first four cavity modes 

along z direction for cavity with size of (160, 150) nm, with both the multilayer metamaterial 

calculation and the effective medium approach. The cavity modes calculated from these two 

methods match very well. (b) The electric field Ez distributions of the (2, 2, 3) mode at 183.6 

THz supported in the same cavity.

 

 

4.4.2 Simulation for real design case 

The metamaterial cavities were fabricated by alternating layers of 20nm Ag and 30nm Ge 

considering practical fabrication limit we can obtain from electron beam evaporator. Original 

design of 4nm Ag and 6nm Ge is too thin to achieve good quality of film from current state-of-

the-art thin film deposition tools. Therefore, we choose more relaxed design we can reproduce 

the good quality of thin film stack consistently. A scanning electron microscope (SEM) image of 

cavity arrays (dimensions, (170, 150) nm) consisting of three pairs of silver–germanium 

multilayers, as well as close views of three cavities of different sizes. The side walls of the 

cavities are tilted (~75°) as a result of the lift-off process in the electron-beam lithography step. 

To make sure this relaxed design is OK to same cavity effect, we did same FDTD simulations 

confirming that cavity modes still exist in cavities with tilted side walls as shown in Figure 4.10 

and 4.11, although the resonant frequencies shift higher (will be discussed later in this chapter).  
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Figure 4.10. FDTD calculated IFC of multilayer metamaterial and mode profiles of metamaterial 

optical cavities. (a) The calculated IFC at 150 THz for multilayer metamaterial consisting of 20 

nm silver and 30 nm germanium thin films (bronze colored curve), which matches the effective 

medium simulation (light blue colored curve) at low k region (k << 2π/a). At high k region, as 

the wavelength is close the period of the multilayer a, the dispersion curve deviates from the 

effective medium calculation at the edge of the first Brillouin zone. The yellow circles represent 

the resonating wave vectors of the cavity modes shown in b and the green circle is the light cone 

of air. (b) The electric field Ez distributions of the (1, 1, 1) mode for cavities with different (width, 

height) combination but the same resonant frequency at 150 THz. 
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Figure 4.11. The FDTD calculated electric field Ez and magnetic field Hy distributions of the 

cavity modes for the three cavities. The cavity modes show magnetic dipole-like modes.  

 

4.4.3 Simulation of FTIR measurement for metamaterial cavities 

Transmission simulation (FTIR) is done and the result is shown in Figure 4.12.  

 

 

Figure 4.12. The FDTD simulated transmission spectra through the metamaterial optical cavities 

array with 5% cavity area filling ratio for cavities with different (width, height) combination. The 

collision frequency of 3γ is used in the Drude model of silver.  
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4.5 Fabrication of metamaterial nanocavities 

The metamaterial optical cavities are fabricated by high-resolution electron-beam 

lithography (EBL), multilayer electron-beam evaporation and lift-off on a quartz substrate (Eagle 

XG). Indium-Tin-Oxide (ITO) as a conductive layer is deposited on top of the quartz substrate 

by a sputter (Auto 306, Edwards) for EBL. In order to minimize the optical absorption, only 2 

nm ITO is sputtered. For clean sidewall and high aspect ratio lift-off process, bi-layer photoresist 

with 500 nm thick methyl methacrylate (MMA-EL8) and 50nm thick polymethyl-methacrylate 

(PMMA-A2) is used as electron-sensitive polymer. MMA is spin-coated at 5000rpm and soft-

baked for 5 min at 150°C. PMMA is then coated at 2000rpm and followed by a 5 min soft-bake 

at 180°C. Since MMA is more sensitive than PMMA for the EBL exposure, the cavity square 

patterns will be defined with larger sizes in the bottom MMA layer while the top PMMA layer 

still maintains the designated sizes. This technique benefits the lift-off process and the sidewalls 

of cavities can be very clean. After defining the cavity square patterns in the MMA and PMMA 

bilayer with EBL (CABL-9000C, Crestec), extremely low temperature PMMA development at 

4 °C is followed. Electron beam evaporation system (Solution, CHA) is then used to deposit the 

alternating 20nm Ag and 30nm Ge multilayer. To reduce the scattering from the surface 

roughness during the evaporation process, ultrahigh vacuum condition is kept at 10
-7

 Torr and 

the film growth rate is set as slow as 0.1nm/s. Finally, sample is soaked in acetone to lift off the 

photoresist layer. Due to the nature of electron-beam evaporation and lift off process, the side 

walls of cavities show 75° tilted angle which results in the cavity size difference between the top 

and the bottom. Since Ge has high surface energy and produces a good wetting effect for Ag 

growth [84, 85], the multilayer deposition is ultra-smooth and the top surface roughness is less 

than 1 nm after the deposition of four pairs of Ag-Ge multilayer, which is demonstrated from the 

AFM measurements. The roughness on the cavity surface in the SEM of Figure 4.13 is due to the 

diluted HNO3 etch to enhance the image contrast. Fabrication process is shown in Figure 4.14. 

 

 

Figure 4.13. SEM image of an optical cavity array (cavity size, (170, 150) nm), with multilayer 

of 20nm Ag and 30nm Ge clearly visible and Magnified SEM images with different dimensions 

of (135, 100) nm, (170, 150) nm and (200, 200) nm, with two, three and four pairs, respectively 
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Figure 4.14. Fabrication process for metamaterial cavities. On ITO coated quartz wafer, EBL 

defines the template structure on bi-layer photoresist. Then, multilayer thin film stack is 

deposited by electron beam evaporator. Finally, the photoresist template is removed by lift-off 

process, and the final structure is made like ones shown in Figure 4.13. 

 

 

Figure 4.15. Set-up for high quality SEM showin in Figure 4.13 
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4.6 Optical measurement 

The cavity modes were excited with a plane wave propagating along the z-direction, with x-

direction polarization for the transmission measurement in Fourier-transform infrared (FTIR) 

spectroscopy. Figure 4.16 shows that the cavities with different sizes resonate at the same 

resonant frequency for the (1, 1, 1) modes. This phenomenon was observed for all three different 

resonance frequencies. It can be understood that, as the cavity size shrinks, both kx and kz scale 

up simultaneously along the same IFC to maintain the cavity resonant frequency. The 

metamaterial cavities therefore have size-dependent refractive indices, a unique feature that does 

not exist in conventional optical cavities where the refractive index is not strongly related to the 

cavity size and a larger cavity has a lower resonant frequency for a given mode order. Also, for a 

given cavity, the (1, 1, 2) mode has a lower resonant frequency than the (1, 1, 1) mode, thereby 

demonstrating the anomalous mode dispersion. When the mode order increases along the z-

direction, a significant increase in kz causes the higher-order mode to oscillate on a flatter IFC 

with a lower frequency (Figure 4.17). In contrast, in conventional optical cavities, the normal 

mode dispersion entails a higher resonating frequency for a higher-order mode in a given cavity. 

The measured resonating wave vectors for our indefinite cavities agree well with the calculated 

IFCs (Figure 4.17). 

 

 

Figure 4.16. Measured FTIR transmission spectra through an indefinite optical cavity array with 

a 5% cavity area filling ratio for cavities of different sizes, where three panels correspond to 

cavities located at three different IFCs with resonant frequencies of 205.5, 191 and 147 THz. 

 



51 

 

 
Figure 4.17. Calculated IFCs at different frequencies and resonating wave vectors of different 

cavity modes. (a) Hyperbolic IFCs at frequencies of 147, 191 and 205.5THz from the effective 

medium calculation. For cavities having the same height, a larger width gives a lower resonant 

frequency (the red arrow), showing the normal mode dispersion, since kx is almost unchanged 

and kz is getting larger. For the same cavity, the (1, 1, 2) mode has both larger kx and kz compared 

to the (1, 1, 1) mode, giving a lower resonant frequency (the green arrow), showing anomalous 

mode dispersion. (b) The measured resonating wave vectors of the (1, 1, 1) and (1, 1, 2) cavity 

modes shown in Figure 4.16, which match the FDTD calculated IFCs shown in the background. 

As illustrated with the green square markers, for cavity with size of (200, 200) nm, the (1, 1, 1) 

mode is located on the IFC at 191THz while the (1, 1, 2) mode is located on the IFC at 145.5THz.  

 

By measuring the full-width at half-maximum (FWHM) of the resonance peaks in Figure 

4.16, a total quality factor Qtot of ~4 was obtained for all cavity modes, which is dominated by 

the absorption in the metal, as the relation is shown in equation (4.7) 

1 1 1

tot rad absQ Q Q
                                                      (4.7) 

where Qrad and Qabs are the quality factors from radiation and absorption, respectively. Although 

the resonance peaks have similar widths, the transmission depths for each cavity mode are 

different, which is related to the radiation coupling strength between the excitation plane wave 

and the cavity mode. It can be seen that the transmission depths are shallower for smaller cavities 

with the same mode order, and higher-order modes transmit more light (Figure 4.16). This 

indicates that the radiation coupling strength is strongly dependent on cavity size and mode order, 

which is determined by the resonating wave vector. As illustrated in Figure 4.8, for a smaller 

cavity, the resonating wave vector is further from the IFC of air, so radiation coupling between 

the cavity mode and the incident plane wave is weaker due to the increased momentum 

mismatch. The hyperbolic dispersion of an indefinite medium supports very large wave vectors, 

so the radiative loss of such cavities is strongly suppressed. 
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4.7 Results and discussion 

4.7.1 Coupled mode theory 

Based on the coupled mode theory, the schematic of the coupling between the plane wave 

and the metamaterial optical cavity is illustrated in Figure 4.17, which shows the relation 

between the amplitudes of the incoming plane wave Sin, the transmitted wave Strans, the reflected 

wave Sref and the cavity mode a. The rate equation for the evolution of the cavity mode is  

0

, ,

1 1 1
in

rad v abs rad v

da
i a S

dt


  

 
     
 

                             (4.8) 

The incoming plane wave couples into the cavity mode and couples out to the transmitted wave 

vertically with the coupling rate of rad , while some photon energy is dissipated into heat with 

the absorption loss rate of 1/τabs. The transmitted wave can be expressed as  

t

,

1
rans in

rad v

S S a


                                                          (4.9) 

Since the total loss from the cavity mode includes both the radiation loss to free space and the 

absorption loss, the total quality factor Qtot can be written as equation (4.7). Accordingly, the 

relation between the loss rate and the quality factor is  

1

2Q




                                                        (4.10) 

The on-resonance transmission T can be derived as  

2 2

trans tot

in abs

S Q
T

S Q

 
   

 
                                         (4.11) 

The vertical radiation quality factor Qrad,v is then related to the on-resonance transmission T and 

the absorption quality factor Qabs  

,
1

abs
rad v

T Q
Q

T





                                                (4.12) 

Since the absorption loss dominates the total loss in the current metamaterial optical cavity and 

Qabs << Qrad,v, Qtot is then approximately equal to Qabs according to equation (4.8), and finally we 

have 

,
1

tot
rad v

T Q
Q

T





                                                (4.13) 

Schematic of above derivation is shown in Figure 4.18. 
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Figure 4.18. Illustration of the coupling between the plane wave and the metamaterial optical 

cavity based on the coupled mode theory. It shows the relation between the amplitudes of the 

incoming wave Sin, the transmitted wave Strans, the reflected wave Sref and the cavity mode a. 

1/τrad,v is the coupling rate between the plane wave and the cavity mode, and 1/τabs is the 

absorption loss rate. The vertical radiation quality factor Qrad,v can be extracted from the on-

resonance transmission T and the absorption quality factor Qabs.  

 

4.7.2 Mode volume calculation 

The mode volume of the metamaterial optical cavity is calculated as  
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where Wm is the integrated electromagnetic energy over the entire space, and  W r  is the local 

electromagnetic energy density at the position r , taking into account the strongly dispersive 

property of silver [87],  
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4.7.3 Effects of tilted side wall of fabricated cavities 

Since the large wave vector supported in the indefinite metamaterial, the tilted side walls do 

not have significant effects on the optical properties of indefinite cavities, such as the quality 

factor, the spatial dispersion, and the mode profiles. The only major effect is that the resonant 

frequency will shift due to the deformed cavity geometry. Based on the FDTD simulation, Table 

S1 lists the resonant frequencies and radiation quality factors for both the (1, 1, 1) and (1, 1, 2) 

cavity modes supported by cavities having the same size of (170, 150) nm but with different 

tilted side wall angles of 90° and 75°. It is shown that the resonant frequencies increase when the 

side walls are tilted for both the cavity modes, due to the cavity size reduction. Radiation quality 

factor Qrad does not change much for both modes since the radiation leakage from TIR from the 

tilted side walls is almost the same as the case from the straight side walls, although the critical 

angle of TIR is slightly larger at the air/indefinite-medium interface with 75° tilted angle. Cavity 

mode profiles are almost identical according to the field plot in Figure 4.10 and Figure 4.11 for 

tilted side wall angles of 90° and 75°, respectively.  

Table 4.1. FDTD calculated resonant frequencies and radiation quality factors for both the (1, 1, 1) and 

(1, 1, 2) cavity modes supported by cavities having the same size of (170, 150) nm but with different 

tilted side wall angles. 

Mode order Side wall angle Resonant frequency Qrad 

(1, 1, 1) 
90° 145 THz 233 

75° 191 THz 224 

(1, 1, 2) 
90° 110 THz 2724 

75° 140 THz 2719 

 

4.7.4 Intrinsic material loss 

The intrinsic material loss in indefinite cavities is due to the optical absorption of metallic 

layers, so that the total quality factor Qtot is dominated by the absorption quality factor Qabs. 

Figure 4.18 shows the FDTD calculated Qabs based on the equation of 1/Qabs = 1/Qtot - 1/Qrad for 

a single cavity, where the collision frequency of 9γ is used in the Drude model of silver. The 

Qabs is almost a constant (~ 4.2) independent of the wave vector, indicating it is strongly related 

to the intrinsic material loss rather than the cavity geometry and the mode order. In Figure 4.12, 

the collision frequency of 3γ is used in the Drude model of silver to calculate the transmission 

spectra through the cavities array, where γ is the collision frequency of bulk silver. The factor 3 

is used here for considering the absorption loss from the silver film with a thickness of 20 nm 

ideally, which is very close to the theoretical value reported in Reference [85]. The calculated 

total quality factors Qtot of cavity modes are around 11. However, for the fabricated cavities 

shown in Figure 4.16, the measured total quality factor Qtot is around 4.1, which means in reality 

the collision frequency of the fabricated 20nm thick silver will be larger than 3γ. The FDTD 

simulation is then performed to fit the measured Qtot in order to determine the actual collision 

frequency of silver. Figure 4.19 compares the FDTD calculated Qtot and resonant frequency of 

the (1, 1, 1) mode for cavity with size of (180, 150) nm, as a function of various collision 

frequencies of silver. As the collision frequency increases from 3γ to 9γ, Qtot reduces from 11.5 

to 4.1 due to the increased absorption loss. Since the measured Qtot is around 4.1, the actual 

collision frequency of silver is around 9γ. This value is very close to the experimental data 
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reported in Refefence [85] before the rapid post-annealing treatment of silver. The resonant 

frequency of cavity mode will only have slight shift around 168 THz as the collision frequency 

changes, with a variation of 1.6 THz. The cavity mode profiles will be identical for different 

collision frequencies. Although the total quality factor Qtot is quite low due to the absorption loss 

from the metallic layers, indefinite cavities have ultrahigh Qtot/Vm ratio up to 105 (λ0)
-3

, due to 

the deep subwavelength mode volume Vm (which can go down to 2.2×10-5 (λ0)
3
 shown in Figure 

4.19). Such cavities support broadband operation with the bandwidth of several hundred 

nanometers due to the low Qtot. The ultrahigh Qtot/Vm ratio of these cavities can be used to 

enhance the light-matter interactions. The intrinsic material loss has been one of the major 

obstacles that limit the potential applications of plasmonics and metal-based metamaterials. 

Several approaches are currently the research focus of the field, including the rapid post-

annealing treatment of silver [85], the extremely low-temperature operation of metal based 

optical devices [89, 90], and the gain compensated structures [91, 92, 93].  

 

Figure 4.19. FDTD calculated Qabs of the (1, 1, 1) modes and the (1, 1, 2) modes as functions of 

wave vector, based on the equation of 1/Qabs = 1/Qtot - 1/Qrad for a single cavity. Qabs is almost a 

constant (~ 4.2) independent of the wave vector, indicating it is strongly related to the material 

loss rather than the cavity geometry and the mode order. The collision frequency of 9γ is used in 

the Drude model of silver.  
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Figure 4.20. (a) FDTD calculated Qtot of the (1, 1, 1) mode for cavity with size of (180, 150) nm, 

as a function of various collision frequencies of silver. The actual collision frequency of silver is 

around 9γ by fitting the measured Qtot. (b) The FDTD calculated resonant frequency as a 

function of the collision frequency, showing a tiny change around 168 THz.  

 

4.7.5 Vertical coupling radiation quality factor Qrad, v 

The ideal approach to measure the radiation quality factor of the cavity mode is to measure 

the electromagnetic energy decay inside the cavity without any intrinsic material loss for a single 

cavity. In reality, optical coupling has to be utilized to access the cavity mode and obtain its 

radiation ability. The averaged transmission response from the cavities array, instead of a single 

cavity, is measured with FTIR in our experiments in order to characterize the vertical coupling 

radiation quality factor Qrad,v between the plane wave in free space and the cavity mode. As 

shown in Figure 4.18, we can focus on a unit channel where the plane wave within certain cross 

section area couples with the cavity mode, due to the periodic boundary condition. We can look 

this channel as a waveguide, and the waveguide mode is the plane wave inside the channel. 

Using the coupled mode theory, the relation of the total quality factor Qtot, the absorption quality 

factor Qabs, and the vertical coupling radiation quality factor Qrad,v between the plane wave and 

the cavity mode can be obtained, from the measured transmission spectra through this channel. 

Due to the periodic boundary conditions around the channel, there is no horizontal radiation loss 

between each channel. It is very important to emphasize that here Qrad,v within the unit channel 

for cavities array is different from the vertical component of the radiation quality factor (Qrad) of 

the cavity mode for a single cavity. The vertical component of the radiation quality factor of the 

cavity mode is the exclusive function of the single cavity and will not the function of the cavity 

filling ratio. Since the transmission through the channel is normalized with the plane wave inside, 

which is related to the cross section area of the channel, the vertical coupling radiation quality 

factor Qrad,v is a function of the cavity area filling ratio. Figure 4.21 (b) shows the FDTD 

calculated Qrad,v for cavity arrays with different cavity area filling ratios, where the cavity size is 

(180, 150) nm. As the cavity area filling ratio increases, the coupling strength between the plane 

wave inside the channel and the cavity mode gets stronger and Qrad,v will be reduced. With a 

certain cavity area filling ratio, Qrad,v will only strongly related to the wave vectors supported 
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inside cavities so that the radiation ability of different cavity modes can be compared. Figure 

4.21 (a) plots the FDTD calculated Qrad,v for cavity arrays with cavity area filling ratios of 5% 

and 10% in order to compare with the experimental data in Figure 4.22 (a). It shows that the 

FDTD calculated results agree with the measured data very well. Although the value of Qrad,v for 

cavities array is not equal to either the radiation quality factor Qrad of a single cavity or the 

vertical component of Qrad, it reflects the vertical radiation coupling between the plane wave with 

a free space wave vector k0 and the cavity mode having ultrahigh wave vector k, so that Qrad,v 

can well represent the vertical radiation loss of the individual cavity as a function of the wave 

vector, which has the same scaling law as Qrad. 

 

Figure 4.21. (a) FDTD calculated Qrad,v for cavity arrays with cavity area filling ratios of 5% 

and 10% shows the same power law of (k/k0)
4
. These results agree with the experimental data 

shown in Figure 4.21 (a) very well. The collision frequency of 9γ is used in the Drude model of 

silver. (b) FDTD calculated Qrad,v for cavity arrays with different cavity area filling ratios. The 

cavity has size of (180, 150) nm. As the filling ratio increases, the coupling strength between the 

plane wave inside the channel and the cavity mode gets stronger and Qrad,v will be reduced. The 

collision frequency of 9γ is used in the Drude model of silver.  

 

To measure the Qrad of the cavity modes, the absorption loss of the metal has to be isolated. 

We used coupled mode theory [80, 81] to retrieve the vertical coupling radiation quality factors 

Qrad,v between the plane wave and the cavity modes within a unit waveguide channel based on 

the measured transmission spectra from the cavity array.We found a universal fourth power law 

between Qrad,v and k: that is, Qrad,v ≈ (k/k0)
4
 or neff

4
, for all cavities of different height, width, 

mode order and resonant frequency (Figure 4.22 (a)). Because the wave vector is proportional to 

the mode order divided by the cavity size, a smaller cavity or higher-mode order has a higher 

Qrad,v arising from the larger momentum mismatch. Although the experiment measured Qrad,v, the 

FDTD calculation shows that the total radiation quality factor Qrad also follows the fourth power 

law, giving Qrad ≈ (k/k0)
4
 (Figure 4.22 (b)). Such a universal scaling law can be understood by 

the fact that Qrad is proportional to neff/arad, where arad is the radiation loss of the cavity mode due 

to TIR. The radiated power can be represented as the integral of the k-space distribution of the 

cavity mode over the light cone of air in three dimensions, so that arad is proportional to k
-3

 [82, 
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83]. Because neff is proportional to k, Qrad therefore increases as the fourth power of k (Figure 

4.23). This unique behaviour of Qrad in the indefinite cavity is very different from that in 

conventional dielectric optical cavities with dimensions on a scale larger than the wavelength, 

such as in microspheres and microdisks, where the TIR induced Qrad decreases when the cavity 

becomes smaller due to the larger surface curvature leading to increased radiation leakage into 

the light cone of air. The indefinite cavities also allow an unnaturally high refractive index, and a 

maximum value of 17.4 is obtained for the (1, 1, 2) modes shown in Figure 4.22 (a). 

 

 

Figure 4.22. Radiation quality factor as a function of the resonating wave vector of a cavity mode. 

(a) The retrieved vertical radiation quality factor Qrad,v scales as (k/k0)
4
 or neff 

4
, a universal fourth 

power law, for cavities with different dimensions, resonance frequencies and mode orders. The 

cavity sizes investigated include (~110-185,100) nm, (~140-215,150) nm and (~185-255,200) 

nm for the (1,1,1) mode, and (~140-170,150) nm and (~185-210,200) nm for the (1,1,2) mode. 

Cavity area filling ratios of 5% and 10% are considered. (b) FDTD-calculated total radiation 

quality factor Qrad of a single cavity shows the same power law. The dashed lines are fitting lines 

for the colored dots. 
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Figure 4.23. k-space analysis of cavity modes. (a) 2D k-space distribution of the electric field Ez 

component |FT2(Ez)|
2
 of the (1, 1, 1) modes in three different cavities at the same resonant 

frequency 191 THz as shown in Figure 4.11. (b). The radiative power of the cavity mode P0 as a 

function of to (k/k0)
4
, where P0 is obtained from the integration of |FT2(Ez)|

2
 within the light 

cone (k//   k0). It shows that the radiation quality factor Qrad is proportional to (k/k0)
4
.  

 

4.8 Summary 

In this chapter, I demonstrated that 3D nanoscale optical cavities made of hyperbolic 

metamaterials have unprecedented anomalous scaling laws, which are drastically different from 

the conventional cavities made of natural materials. In contrast to conventional cavities whose 

sizes are limited to wavelength scale, indefinite cavities can be scaled down into extremely deep 

subwavelength sizes at the exact same resonant frequency, due to their size-dependent effective 

refractive indices. As cavity size goes down, the radiation quality factor increases dramatically, 

following the fourth power scaling law of the resonating wave vector resulted from the 

hyperbolic dispersion of indefinite medium. These unique properties of indefinitecavities will 

significantly increase the photon density of states and therefore enhance light-matter interactions. 

Such indefinite cavities open new possibilities for nanophotonic applications, in cavity quantum 

electrodynamics, optical nonlinearities, optomechanics, biosensing and optical communication. 

Also, this highly tunable refractive index metamaterials array will offer an opportunity achieving 

a variety of metasurface applications controlling light more exotically and actively with large 

scale metamaterials manufacturing. 
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Chapter 5 Chiral metamaterials for photo-induced 

negative refractive index switching 

 

Chiral metamaterials for photo-induced negative refractive 

index switching 

5.1  Introduction to chirality and chiral metamaterials 

Chirality, which refers to structures lacking any mirror symmetry planes, is ubiquitous in 

nature, ranging from molecules and polymers to crystals. It is of great importance in biological 

and medical sciences as most biomolecules—the building blocks of life such as DNA—are chiral. 

Switching the handedness of chiral molecules under external stimuli has been found in various 

natural materials, such as organic molecules, sol-gel and even solid-state systems [94, 95, 96, 97, 

98, 99]. It is also particularly important in the study of stereochemistry and biology, as molecules 

with the same constituent atoms but different spatial configurations can result in significantly 

different physiological responses. Chirality of natural materials can be switched structurally by 

various means, such as photoexcitation [94, 95, 96, 97], electron tunneling [100], application of 

electric fields [101] and temperature control [102]. Photo-induced chirality switching is of 

particular interest because of the ease of addressability. The underlying mechanism of chirality 

switching in organic molecules or polymers is a molecular structural change induced by an 

external stimulus, as illustrated in Figure 5.1. Examples are the photo-induced switching through 

the trans-cis isomerization of azobenzene and its derivatives [103, 104, 105]. The structurally 

induced chirality switching modifies the optical responses of molecules where the circular 

dichroism (CD), or the relative absorption between left-handed (LH) and right-handed (RH) 

circularly polarized waves, is reversed (Fig. 1). As chiral molecules interact differently with 

electromagnetic waves of LH and RH circular polarizations, chirality switching is of great 

significance in controlling the polarization states. However, the optical activity in natural 

materials is very weak, and therefore the effect of chirality switching is not conspicuous. 

Metamaterials are a new class of custom-designed composites with deep subwavelength building 

blocks, called metamolecules. Recent progress in metamaterials has led to the realization of 

gigantic optical activity that is several orders of magnitude stronger than that of natural materials 

[106, 107, 108, 109]. However, the handedness of those chiral metamolecules was fixed once 

fabricated and could not be reconfigured in real-time. The concept of stereochemistry has been 

recently introduced to metamaterials; the change in the spatial configuration in metamolecules 

induces dramatic change in their optical properties [110, 111]. A straight translation of chirality 

switching from organic molecules to metamolecules would be a structural reconfiguration of the 

metamolecule in response to an external stimulus. However, this would require a dynamically 

tunable mechanical system that entails great manufacturing complexity. Although mechanically 

tunable planar metamaterials have been demonstrated [112, 113, 114], the structural tuning or 

twisting of three-dimensional complex chiral metamolecules still faces significant challenges, 

not to mention the slow switching speed that is generally intrinsic to mechanical systems. 

In this chapter, I will show that, through designing a delicate artificial chiral metamolecule 

incorporated with a photoactive medium, it is possible to transfer the concept of ‘handedness 
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switching’ from organic chemistry to metamaterials without introducing any structural change, in 

stark contrast to the case of organic chiral molecules. We design optically switchable chiral 

terahertz metamaterials and experimentally observe handedness switching in the forms of 

reversed CD and reversed optical rotatory dispersion (ORD). It should be noted that the chirality 

(handedness) switching is a different process from the optically induced chirality in 

metamaterials previously demonstrated, where the chirality of a metamaterial was merely 

switched between on and off, but not reversed [115]. Benefitting from the strong switching effect 

in comparison to natural materials, the handedness-switching metamaterials may find important 

applications in terahertz technologies, ranging from vibrational CD for identification of the 

chirality and structures of organic molecules, to the precise non-contact Hall measurement. 

 

 

Figure 5.1. The general principle of chirality switching in natural materials. (a) Schematic of a 

chiral molecule that lacks mirror symmetry in all directions. Under an external stimulus such as 

photoexcitation, temperature change or electric field, the chiral molecule undergoes a structural 

change to its mirror image, that is, the chirality is switched. (b) A material composed of the 

chiral molecules absorbs light more strongly for one circular polarization than the other. (c) After 

chirality switching, the chiral material reverses its responses to the two circular polarizations. 

 

5.2 Design of switchable chiral metamaterials  

There are two pads in a unit structure to achieve switching effect: One is between pads and 

the other is middle of metal strip. As several literatures showed before, since the electric and 

magnetic dipoles share the same structural resonance, the excitation of one dipole would 

inevitably lead to the excitation of the other. Because the angle between directions of the two 

dipoles is small (~30
o
), a strong chiral behavior is expected for this design. Under the condition 

without a external light, the left handed structure and the right handed structure are available, but 

the right handed structure will have different resonance frequency because the length of the gold 

strip with Si pad is shorter than the other so that the strength of electric dipole will be different as 

Figure 5.2 (a). 
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Figure 5.2. Schematic of photo-induced switching design. (a) without light (b) with light 

On the contrary, when Si pads are activated by the external light, left handed structure is not 

working any longer because of shortage between two metal strips and right handed structure will 

happen since the metal strip will be connected electrically by electro-conductive Si pad as Figure 

5.2 (b). In addition, the right handed structure will have the resonance frequency shifting to that 

of the left handed structure without the external light because the effective length of gold strip 

will be same the the other strip. Therefore, by controlling the external beam, two switching 

effects-shifting and attenuating resonances- are expected. Based on this schematic, the final 

design for chiral switching device is made as shown in Figure 5.3. 

 

 

Figure 5.3. Final design of chiral switching metamaterials. Schematic of the chirality switching 

metamaterial. The unit cell consists of four chiral resonators with fourfold rotational symmetry. 

The key geometrical parameters are labeled in the figure. 
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Figure 5.4. Theoretical calculations on chiral switching metamaterials. (a) The transmission 

spectra of left-handed (solid) and right-handed (dashed) circular polarizations, without (black) 

and with (red) photoexcitation. The shaded region represents the frequency range where the 

relative transmission amplitude between LH and RH polarization is reversed. (b) The ellipticity 

calculated from the transmission spectra without (black solid) and with photoexcitation (red 

solid). In the shaded area the sign of circular dichroism is flipped. (c) The optical rotatory 

dispersion (ORD) without (black solid) and with optical pumping (red solid). These numerical 

results show good agreement with the experimental observations. 
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5.3 Numerical studies of switchable chiral metamaterials 

We have performed full-wave simulations to validate the above chirality switching 

metamaterials using CST Microwave Studio. Figure 3a shows the schematics of the unit cell of 

the metamaterial, which consists of four chiral resonators arranged with four-fold rotation 

symmetry. In the simulation, we have assumed a photo-conductivity of 5×10
4
 Scm

-1
 for the 

optically irradiated silicon [118]. As shown in Figure 5.4 (a), in the absence of photo-excitation, 

the transmission spectra of the LH (black solid curve) and RH (black dashed curve) polarizations 

exhibit a strong resonance feature, with a transmission dip < 0.2, at 1.01 and 1.11 THz, 

respectively. These two resonances are consistent with the experimental results shown in Fig. 2. 

With photo-excitation, the resonance for the LH polarization is dramatically weakened, and the 

resonance for the RH polarization is shifted to a lower frequency around 1.005 THz, that is, 

closely aligned with that for the LH polarization without photo-excitation, but slightly broadened 

and less pronounced because of the extra ohmic loss introduced by the optically doped silicon 

pad. The calculated CD and ORD spectra are shown in Figure 5.4 (b) and (c). Reversed CD and 

ORD are simultaneously obtained in a broad frequency range from 0.84 to 1.07 THz, as marked 

by the shaded region. The simulation results are in reasonably good agreement with the 

experimental observations. 

 

5.4 Fabrication of switchable chiral metamaterials 

Large scale (2cm by 2cm) chiral metamaterials have been fabricated using standard 

semiconductor processing technologies of multi-step photolithography with overloay. The 

fabrication starts with a silicon-on-sapphire wafer. Silicon layer (600-nm thick) is patterned by 

photo-lithography (MA6, Karl Suss) and dry etched (PK-12 RIE, Plasma-Therm) to define the 

silicon pads (Figure 5.5 (a)). Aluminium (Al) is sputtered (300 nm; Auto 306, Edwards) onto the 

sample as an electrode for the subsequent electroplating process. On top of Al-covered silicon 

pads, 300-nm-thick gold pads are fabricated by photo-lithography, followed by electron beam 

evaporation (Solution, CHA Industries) and lift-off process (Figure 5.5 (b)). Five-micrometre-

thick SU-8 (SU-8 3000, Microchem) is then coated and holes are patterned in the SU8 layer by 

photo-lithography and dry etching. Low current electroplating is performed to grow gold pillars 

in the holes (Figure 5.5 (c)). Gold bridges connecting the gold pillars are subsequently fabricated 

by photo-lithography and lift-off process (Figure 5.5 (d)). Finally, SU-8 and Al are removed by 

oxygen plasma etching and Al etchant (Type A, Transene Company), respectively, leading to the 

final structure shown in Figure 5.6 (a) and (b) of SEM images. We note that the metamaterial 

design and fabrication process can be easily transferred to sub-micron scale by replacing optical 

lithography with electron beam lithography. Indeed, by using Ebeam lithography and layer-by-

layer fabrication, a three-dimensional magnetic metamaterial has been recently realized which 

operates at the infrared frequencies. This will be discussed in later chapter for nanofabrication. 
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Figure 5.5. Flowchart of the fabrication of the handedness switching metamaterials. (a) 

Patterning of silicon pads (blue) on top of the Al2O3 substrate (grey) by photo-lithography and 

reactive ion etching. (b) Fabrication of gold pads on top of Al-coated silicon pads by a second 

photo-lithography followed by electron beam evaporation and lift-off process. (c) Coating of 

spin-on-glass and SU-8 on the wafer, followed by patterning of holes in the SU-8 by using 

photo-lithography and dry etching. Then, gold columns are created in the holes by electroplating. 

(d) Fabrication of gold bridges that connect the gold pillars by another photo-lithography process. 

 

 

Figure 5.6. Scanning electron microscopy images of the fabricated metamaterial. The period of 

the metamaterial is 50μm, which is far less than the wavelength of the terahertz waves. Scale bar 

in (a), 25μm. In (b), the purple, blue and yellow colours represent the gold structures at different 

layers and the two silicon pads are shown in green. Scale bar, 10μm. 
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5.5 Optical measurement 

The terahertz chiral metamolecules are fabricated on top of a silicon-on-sapphire (SOS) 

substrate. As shown in Figure 5.6 (a) and (b), the structures are arranged in a fourfold rotational 

symmetry, such that the eigen-modes of the light propagating along normal incidence are 

circularly polarized. The unit cell has a lateral dimension of 50μm, which is much less than the 

resonant wavelength of a few hundred micrometres in the terahertz frequency range, qualifying 

the chiral artificial structure as a metamaterial. Under strong optical illumination with photon 

energy greater than the bandgap of silicon, the excitation of photo-carriers turns the incorporated 

silicon pads from insulating to highly conducting state, switching optoelectronically the 

electromagnetic chirality. Similar approaches of incorporating semiconductors into sub-

wavelength resonators have been used to actively manipulate the electromagnetic resonances of 

metamaterials by photo-excitation or electric bias [116, 117, 118, 119].  

The chirality switching in the above terahertz metamaterials was experimentally 

demonstrated through measurements using an optical-pump terahertz-probe (OPTP) 

spectroscopy system. The OPTP system provides 50fs laser pulses with a centre wavelength of 

800nm and a repetition rate of 1 kHz to optically excite charge carriers in the silicon pads. Figure 

5.8 (a) shows the transmission spectra for the two circularly polarized terahertz waves. Without 

photo-excitation, the metamaterial strongly interacts with both LH and RH circular polarizations, 

but at different frequencies. This is demonstrated by the transmission dips at frequencies of 1.09 

and 1.19 THz in the transmission spectra for LH (black solid) and RH (black dashed) circularly 

polarized waves, respectively. When illuminated by near-infrared laser pulses with fluence of 

about 1 mJcm-2, the resonance for LH polarization disappears and leaves a featureless 

transmission spectrum (red solid). Meanwhile, we observed a red-shifted resonance for RH 

polarization (red dashed) from 1.19 to 1.05 THz. As a result, the relative transmission amplitudes 

between the two circular polarizations are reversed in the frequency range between 0.9 and 1.14 

THz, as marked by the shaded region. Within this frequency range, the RH polarization, which 

initially exhibited a higher transmission, yields a lower transmission than that of LH polarization 

with photo-excitation.  

CD and ORD are the two most commonly used techniques for characterizing the optical 

activity of chiral materials. CD refers to the difference between the transmission spectra of two 

circular polarizations, and therefore it is related to the ellipticity of the transmitted beam for a 

linearly polarized incident beam, and it can be calculated by θ = tan
-1

[(ER − EL)/(ER + EL)]. Here 

ER(L) is the transmission amplitude for right (left)-handed circular polarizations. In contrast, 

ORD measures the polarization rotation angle arising from the transmission-phase difference 

between the two circular polarizations. As shown in Figure 5.8 (b) and (c), within the shaded 

regions, both the signs of CD and ORD are indeed flipped. Interestingly, the ORD shows 

opposite switching behaviors at two frequency bands, from negative to positive between 0.9 and 

1.05 THz, and from positive to negative between 1.05 and 1.19 THz. For an incident beam 

linearly polarized in the vertical direction, the representative polarization states of the transmitted 

wave are shown in Figure 5.8 (d) and (e) for two frequencies at 1.0 and 1.1 THz. At both 

frequencies, the polarization states of the transmitted wave are elliptical rotating clockwise when 

there is no photo-excitation (black). Under photo-excitation, the rotation is reversed to 

anticlockwise (red), and meanwhile, the polarization of the transmitted wave, that is, the 

orientation of the long axis of the polarization ellipses, is flipped from the left side of vertical 
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axis (-3.6°) to the right side (5.7°) at 1.0 THz, and from the right side (13.8°) to the left side (-

3.6°) at 1.1 THz. The flipped ORD, together with reversed CD, serve as direct evidences that the 

metamaterial exhibits a genuine chirality switching behavior. The chirality switching effect of 

the demonstrated metamaterial is exceedingly strong, exhibiting a flipping of rotation angle in 

excess of 10° for a monolayer of metamolecules. Meanwhile, the switching is transient, and the 

sample will be restored to its original chiral state within milliseconds, determined by the lifetime 

of the photo-carriers in silicon. This relaxation time can be reduced by using photoactive 

materials with a shorter carrier lifetime. 

 

 

Figure 5.7. The time domain terahertz spectroscopy and pumped laser setup to characterize the 

transmissions of the chiral metamaterials. The photoconductive switch-based THz-TDS system 

consists of four paraboloidal mirrors arranged in an 8F confocal geometry, enabling excellent 

terahertz beam coupling between the transmitter and receiver and compressing the beam to a 

frequency independent beam waist with a diameter of 3.5mm as well. The THz-TDS system has 

a usable bandwidth of 0.1-4.5 THz (3 mm-67m) and a signal to noise ratio over 4 orders of 

magnitude. 
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Figure 5.8. Experimental demonstration of chiral switching metamaterials. (a) The measured 

transmission spectra of LH (solid) and RH (dashed) circular polarizations, without (black) and 

with (red) photoexcitation. The shaded region represents the frequency range where the relative 

transmission amplitude between LH and RH polarization is reversed. (b) The CD spectrum (that 

is, ellipticity) and (c) the ORD derived from the measured transmission amplitude and phase 

spectra, without (black) and with (red) photoexcitation. In the shaded area, both the signs of CD 

and ORD are flipped, indicating the switching of handedness of the metamolecules. (d, e) The 

polarization states without (black) and with (red) photoexcitation for a linearly and vertically 

polarized incident terahertz beam transmitting through the chiral switching metamaterial at 1.0 

and 1.1 THz, respectively. These two frequencies are also marked on the CD, and ORD spectra. 

At both frequencies, the polarization states turn from elliptical clockwise to elliptical 

anticlockwise under photoexcitation. Meanwhile, the major axis of the polarization ellipse is 

flipped from left to right at 1.0 THz, and from right to left at 1.1 THz. 



69 

 

5.6 Result and discussion 

5.6.1 Optical characterization 

We characterized the switchable chiral metamaterial using OPTP spectroscopy. The 

transmission of the linearly polarized terahertz pulses through the chiral metamaterial was 

measured in the time domain, with and without photo-excitation. Photo-excitation used near-

infrared (~800 nm) laser pulses (50 fs) with a repetition rate of 1 kHz that illuminated the 

metamaterial sample a few picoseconds before the arrival of the terahertz pulses. The pump laser 

was focused down to a spot ~5 mm in diameter on the surface of the chiral sample, exciting 

electron-hole pairs across the 1.12 eV band gap in all the silicon islands. To obtain the 

transmission coefficients of circularly polarized waves, that is, T+ + , T− +, T+ − and T− − , we 

measured four linear copolarization and cross-polarization transmission coefficients, Txx, Tyx, Txy 

and Tyy. Transmission coefficients of circularly polarized waves were then obtained from the 

linear measurements using the following equation: 
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                 (5.1) 

where the first and second subscripts refer to the incident and transmitted wave, + and − refer to 

the RH and LH circularly polarized waves, and x and y refer to the two linearly polarized waves 

with the electric field polarized along two orthogonal directions. 

 

5.6.2 Discussion about the measurement result 

The underlying mechanism responsible for the chirality switching in the terahertz 

metamaterial is illustrated schematically in Figure 5.9. We start from a chiral metamaterial 

design that has recently led to the demonstration of chirality-induced negative refractive index14. 

As shown by the equivalent inductor-capacitor (LC) circuit of the metamolecule in Figure 5.9 (a), 

the metal loops function as inductors and the gap between the metal strips as capacitors of 

capacitance C. A single meta-atom exhibits a strong chirality at the LC resonance frequency, and 

consequently a positive or negative peak in CD spectrum depending on the chirality of the 

structure (Figure 5.9 (a)). When two chiral meta-atoms of the same shape but opposite chirality 

are assembled to form a metamolecule, the mirror symmetry is preserved, resulting in vanishing 

of optical activity. From a different point of view, the optical activity arising from these two 

meta-atoms of opposite chirality cancels out each other. We next introduce a silicon pad (gray) to 

each chiral meta-atom in the metamolecule, but at different locations, as shown in Figure 5.9 (b). 

In one chiral atom (Meta-A), a silicon pad bridges the two base metal stripes, and in the other 

atom (Meta-B), a silicon pad replaces part of a base metal strip. The functions of silicon pads are 

twofold: they serve to break the mirror symmetry and induce chirality for the combined 

metamolecule, and function as optoelectronic switches to flip the chirality of the metamolecule 

under strong photo-excitation. For Meta-A, the insertion of the silicon bridge has very little 

effect on the resonance, as silicon has only slightly higher permittivity (11.7) than the sapphire 

substrate (10.5). Whereas the incorporation of silicon pad in Meta-B introduces a significant 

reduction of the capacitance of the equivalent LC circuit (C′ < C) due to the shortening of the 
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metal strip, and therefore shifts the resonance towards a higher frequency. The combined 

structure—the metamolecule—exhibits a representative CD spectrum in Figure 5.9 (b), where at 

the original resonance frequency ω0, the electromagnetic response of the metamolecule is 

dominated by Meta-A, as the resonance of Meta-B is shifted to a higher frequency. This explains 

the experiment observation shown in Figure 5.8 (b) (black curve). Under strong photoexcitation 

using near-infrared laser pulses with photon energy above the bandgap of silicon, the generation 

of high concentration of free charge carriers turns the originally nearly intrinsic silicon pads into 

conductors (denoted by the blue areas in Figure 5.9 (c)). As shown by the equivalent circuit, this 

leads to an increase in the capacitance from C′ to C, and consequently a red-shifting of resonance 

frequency of Meta-B to ω0. Meanwhile, the equivalent LC circuit for Meta-A is shortened due to 

photoexcitation. As a result, the CD is reversed, shown in Figure 5.9 (c), as compared with the 

case without photoexcitation in Figure 5.9 (b), which is in good agreement with the experimental 

observation of CD switching shown in Figure 5.8 (b). Here  we have proposed a general scheme 

to design active metamaterials, which can be switched between two opposite electromagnetic 

properties (in this case, left and right handedness). This scheme relies on the combination of two 

meta-atoms with opposite properties, one is functional but the other is inactive within the fre-

quency range of interest. With suitable design, the two meta-atoms respond oppositely to an 

external stimulus, that is, the inactive one becoming functional and vice versa. This general 

design principle is not limited to handedness switching; it can also be applied to realize dynamic 

reversing of other electromagnetic functionalities. 
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Figure 5.9. Schematic design of chiral switching metamaterials illustrating the underlying 

mechanism. (a) A metamolecule consisting of two meta-atoms of opposite chirality. Each meta-

atom is a three-dimensional gold split-ring resonator with its loop tilted relative to the gap, 

leading to the coupling between the electric and magnetic responses, and consequently, a strong 

chirality and large CD at its resonance frequency. When combined into a metamolecule, the 

optical activity arising from the two meta-atoms cancels each other out, resulting in a vanishing 

circular dichroism spectrum. The metamolecule can be represented by an equivalent circuit 

consisting of two LC resonators. (b) Silicon pads (grey) are incorporated to the metamolecule. 

The mirror symmetry is broken, and the metamolecule exhibits chirality at resonance frequencies. 

The silicon pads also function as the optoelectronic switches in the equivalent circuit. (c) With 

photoexcitation, photocarriers are generated in the silicon pads, leading to a switching of 

chirality in the form of reversed circular dichroism. 
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5.7 Summary 

Switching the handedness, or the chirality, of a molecule is of great importance in chemistry 

and biology, as molecules of different handedness exhibit dramatically different physiological 

properties and pharmacological effects. Here we experimentally demonstrate handedness 

switching in metamaterials, a new class of custom-designed composites with deep 

subwavelength building blocks, in response to external optical stimuli. The metamolecule 

monolayer flips the ellipticity and rotates the polarization angle of light in excess of 10° under 

optical excitation, a much stronger electromagnetic effect than that of naturally available 

molecules. Furthermore, the experimentally demonstrated optical switching effect does not 

require a structural reconfiguration, which is typically involved in molecular chirality switching 

and is inherently slow. The handedness switching in chiral metamolecules allows 

electromagnetic control of the polarization of light and will find important applications in 

manipulation of terahertz waves, such as dynamically tunable terahertz circular polarizers and 

polarization modulators for terahertz radiations. 
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Chapter 6 Metamaterials and plasmonics applications 

 

Metamaterials and plasmonics applications 

6.1 Metasurface for strong photonic spin hall effect observation 

6.1.1 Introduction to spin hall effect and metasurface 

The relativistic spin-orbit coupling of electrons results in intrinsic spin precessions and, 

therefore, spin polarization–dependent transverse currents, leading to the observation of the spin 

Hall effect (SHE) and the emerging field of spintronics [120, 121, 122]. The coupling between 

an electron’s spin degree of freedom and its orbital motion is similar to the coupling of the 

transverse electric andmagnetic components of a propagating electromagnetic field [123]. To 

conserve total angular momentum, an inhomogeneity of material’s index of refraction can cause 

momentum transfer between the orbital and the spin angular momentum of light along its 

propagation trajectory, resulting in transverse splitting in polarizations. Such a photonic spin Hall 

effect (PSHE) was recently proposed theoretically to describe the spin-orbit interaction, the 

geometric phase, and the precession of polarization in weakly inhomogeneous media, as well as 

the interfaces between homogenous media [124, 125]. However, the experimental observation of 

the SHE of light is challenging, because the amount of momentum that a photon carries and the 

spin-orbit interaction between the photon and its medium are exceedingly small. The exploration 

of such a weak process relies on the accumulation of the effect through many multiple reflections 

[126] or ultrasensitive quantum weak measurements with pre- and postselections of spin states 

[127, 128]. Moreover, the present theory of PSHE assumes the conservation of total angular 

momentum over the entire beam [124, 125, 126, 127, 128], which may not hold, especially when 

tailored wavelength-scale photonic structures are introduced. In thiswork, we demonstrate 

experimentally the strong interactions between the spin and the orbital angular momentum of 

light in a thin metasurface—a two-dimensional (2D) electromagnetic nanostructure with 

designed in-plane phase retardation at the wavelength scale. In such an optically thin material, 

the resonance-induced anomalous “skew scattering” of light destroys the axial symmetry of the 

system that enables us to observe a giant PSHE, even at the normal incidence. In contrast, for 

interfaces between two homogeneous media, the spin-orbit coupling does not exist at normal 

incidence [124, 125, 126, 127, 128].  

 

Metamaterial made of sub-wavelength composites has electromagnetic responses that 

largely originate from the designed structures rather than the constituent materials, leading to 

extraordinary properties including negative index of refraction [5, 6], superlens [13], and optical 

invisibilities [19, 25]. As 2D metamaterials, metasurfaces have shown intriguing abilities in 

manifesting electromagnetic waves [129, 130]. Recently, anomalous reflection and refraction at a 

metasurface has been reported [131, 132), and a variety of applications, such as flat lenses, have 

been explored [133, 134, 135, 136]. However, the general approach toward metasurfaces 

neglects the spin degree of freedom of light, which can be substantial in these materials. We 

show here that the rapidly varying in-plane phase retardation that is dependent on position along 

the metasurface introduces strong spin-orbit interactions, departing the light trajectory (S) from 
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what is depicted by Fermat principles, S = SFermat + SSO (where SSO is a correction to the light 

trajectory raised from the metasurface-induced spin-orbit interaction). 

 

6.1.2 Theoretical studies of spin hall effect at metasurface 

The PSHE or the spin-orbit interaction arises from the noncolinear momentumand velocity 

(the change of trajectory) of light. When light is propagating along a curved trajectory (Figure 

7.1 (a)), the time-varyingmomentum along the light path must introduce a geometric polarization 

rotation tomaintain the polarization transverse to its new propagation direction [137], 

 ˆ ˆe k e k  
2/k . Here, ê  and k are the polarization vector and the wave vector, respectively, k  

is the change of the propagation direction, and k is the amplitude of the wave vector. The 

rotation of the polarization depends on the helicity of light and may be considered as circular 

birefringence with a pure geometric origin [137, 138, 139]. As the back-action from geometric 

polarization rotations, the spin-orbit interaction also changes the propagation path of light, as we 

will show in later sections, resulting in a helicity-dependent transverse displacement for light; i.e., 

photonic SHE.  

 

 

Figure 6.1. (a) Schematic of the PSHE. The spin-orbit interaction originates from the transverse 

nature of light. When light is propagating along a curved trajectory, the transversality of 

electromagnetic waves requires a rotation in polarization. (b) Transverse polarization splitting 

induced by a metasurface with a strong gradient of phase retardation along the x direction. The 

rapid phase retardation refracts light in a skewing direction and results in the PSHE. The strong 

spin-orbit interaction within the optically thin material leads to the accumulation of circular 

components of the beam in the transverse directions (y′ directions) of the beam, even when the 

incident angle is normal to the surface. 
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For an ordinary interface between two homogeneous media, when a Gaussian beam 

impinges onto the interface at normal incidence, the axial symmetry normal to the surface 

eliminates the spin-orbit coupling, and the total angular momentum of the entire beam is 

conserved. However, by designing a metasurface with a rapid gradient of phase discontinuity ∇F 

along the interface in the x direction (Figure 7.1 (b)), we introduce a strong spin-orbit coupling 

when the light is refracted off the interface. The rapid, wavelength-scale phase retardation can be 

incorporated in the optical path by suitable design of the interface [131, 132, 140]. Such a 

position-dependent phase discontinuity removes the axial symmetry of the interface and, 

therefore, allows us to observe the PSHE, even at the normal incident angle. Figure 1B 

schematically depicts the PSHE for the light beam that is refracted off a metasurface with rapid 

in-plane phase retardation. The momentum conservation at the metasurface now must take into 

account that the position-dependent phase retardation and the induced effective circular 

birefringence are determined by the gradient of the in-plane phase change or the curvature of the 

ray trajectory,  k k
2/k  (126), where k  depends on the rapid phase change. For a linearly 

polarized incidence, light of opposite helicities will be accumulated at the opposite edges of an 

anomalously refracted beam in the transverse direction (Figure 7.1 (b)). The faster the in-plane 

phase changes, the stronger the effect becomes. Because both the local phase response and its 

gradient are tailored through metamaterial design, the optical spin-orbit interaction from the 

metasurface is strong, broadband, and widely tunable. 

 

 

Figure 6.2. (a) Scanning electron microscope image of a metasurface with a rapid phase gradient 

in the horizontal (x) direction. The period of the constituent V-shaped antenna is 180nm. Eight 

antennas with different lengths, orientations, and spanning angles were chosen for a linear phase 

retardation, ranging from 0 to 2p with p/4 intervals. Scale bar, 500nm. (b) Light from a 

broadband source was focused onto the sample with a lens (focal length f = 50mm). The  

polarization can be adjusted in both the x and y directions with a half-wave plate. The regularly 

and anomalously refracted far-field transmission through the metasurface was collected using a 

lens ( f = 50 mm) and imaged on an InGaAs camera. The polarization state of the transmission is 

resolved by using an achromatic quarter-wave plate (l/4), a half-wave plate (l/2), and a polarizer 

with a high extinction ratio. P, polarizer. 
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6.1.3 Experiment for photonic spin hall effect at metasurface 

To experimentally observe the strong PSHE at the metasurfaces, we used a polarization-

resolved detection setup (Figure 7.2), which allows precise measurement of Stokes parameters of 

the refracted beam, providing the spin-state information of the light in the far field. A 

supercontinuum light source is used for broadband measurement, and the beam is focused onto 

the sample with a spot size of ~50mm. Our metasurfaces consist of V-shaped gold antennas. By 

changing the length and orientation of the arms of the V-shaped structures, the sub-wavelength 

antennas at resonance introduce tunable phase retardations between the incident and the forward-

propagating fields. For linear phase retardation along the x direction, we chose eight antennas 

with optimized geometry parameters. We measured samples with different phase gradients; a 

scanning electron microscope image of the antenna array with a phase gradient of 4.4 rad/mm is 

shown in Figure 7.2 (a) as one example. We used a lens of 50-mm focal length to collect the 

anomalously refracted far-field transmission through the metasurface, and we imaged this 

transmission on an InGaAs camera. The polarization of the incidence is linear and can be 

adjusted in either the x or y directions with a half-wave plate. The polarization states of the 

anomalously and the regularly refracted beams are resolved at the far field using an achromatic 

quarter-wave plate, a half-wave plate, and a polarizer with an extinction ratio greater than 105 

for all wavelengths of interest.  

 

 

Figure 6.3. (a) Observation of a giant SHE: the helicity of the anomalously refracted beam. The 

incidence is from the silicon side onto the metasurface and is polarized along the x direction 

along the phase gradient. The incidence angle is at surface normal. Red and blue represent the 

right and left circular polarizations, respectively. (b) Helicity of the refracted beam with 

incidence polarized along the y direction. 
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6.1.4 Result and discussion 

Because the polarization state of light is unambiguously determined by the Stokes vector S  

on a unit Poincaré sphere, the evolution of the polarization due to spin-orbit interaction is well 

described by the precession of the Stokes vector on a Poincaré sphere. The helicity or the 

handedness of light is given by the circular Stokes Sz parameter (circular polarization) 

 

 

 

 





z

I I
S

I I
, where 

 I and 
 I  are the intensities of the anomalous refraction with circular 

polarization basis, which were imaged successively using the camera. The coordinates of the 

image represent the in-plane wave vectors of the refracted beams. The right circular s+ and left 

circular s– polarizations are discriminated by setting appropriately the angle of the wave plates 

and polarization analyzer. Using the polarization-resolved detection, we calculated the circular 

Stokes parameter of the anomalously refracted beam from measurements for each pixel; this is 

shown in Figure 7.3 (a) for x-polarized incidence. The in-plane wave vector dependence of the 

circular Stokes parameters shows a maximal value of ~0.1 located at ±π/2, and the sign of Sz is 

reversed between +π/2 and  -π/2, showing a transverse motion of the polarization. Whereas the 

incident angle is kept at zero throughout the experiment, the phase gradient along the interface 

removes the axial symmetry of the optical system and enables the direct observation of the PSHE 

for the anomalously refracted beams with different circularly polarized light. Figure 7.3 (b) 

shows the PSHE effect for y-polarized incidence: The helicity of the refracted beam is clearly 

inverted due to the 90° phase rotation of the incidence. As the transverse spin current is solely 

determined by the longitudinal components of electromagnetic fields, such a distinct PSHE can 

only be observed in the anomalously refracted beam. As a control experiment, the spin-orbit 

coupling vanishes for the regularly transmitted beam, which exits the metasurface in the 

direction of the surface normal.  

The photonic spin-orbit interaction in a curved light path not only manifests a helicity-

dependent circular birefringence but also influences the trajectory of light. This effect resembles 

the Imbert-Fedorov shifts in the case of total internal reflections [141] and the recently observed 

optical Magnus effect at the near field [142, 143]. When considering spin-orbit coupling, the 

ordinary Fermat principle based on ray optics is not sufficient in predicting the light trajectory; 

therefore, a helicity-dependent transverse motion of light emerges from the additional geometric 

phases due to spin-orbit interaction. For the incident light with a pure spin state (circularly 

polarized), a transverse motion of the beam’s center of mass is thus expected. Such a transverse 

motion occurs in real space and can be directly measured. Replacing the polarization optics 

shown in Figure 7.2 (b) with a variable liquid-crystal phase retarder, we measured the spin-

dependent motion of photons (the relative displacement between the anomalously refracted 
 I

and 
 I ) by an InGaAs quadrant detector with polarized incident beam periodically modulated in 

either left- (s+) or right-handed (s–) polarization states. Throughout the experiment, the 

incidence angle was kept at normal incidence to the sample. The tailored in-plane phase gradient 

induces anomalous transmission at different refracting angles determined by the gradient. Figure 

7.4 (a) shows the refraction angle at different incident wavelengths for multiple samples with 

different phase gradients. The anomalous refraction angle approaches 90° when the incident 

wavelength approaches eight times the period of the V-shaped antennas. In Figure 7.4 (b), the 

transverse motions of the beams are shown at the normal incident for wavelengths over hundreds 
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of nanometers in bandwidth. The feedback from the polarization clearly deviates the trajectory 

from that given by the ordinary Fermat Principle. The strong spin-orbit interactions induced by 

the resonant V-shaped antenna array enable the observation of the transverse displacement, 

which increases rapidly as the anomalous refraction angle approaches 90°. Current PSHE theory 

assumes the conserved momentum solely over the Gaussian wave packet. However, the rapid 

phase gradient along the metasurface supplies additional momentum, making such a theoretical 

treatment incomplete. A new apparatus for analytical analysis should be developed to account for 

such a rapid phase gradient along the surface. By considering the energy transport at the interface, 

however, the polarization-dependent transverse motion of light can be analyzed by integrating 

the Poynting vectors (including the evanescent fields) over the half-space of the exiting medium 

(see the supplementary materials). The strong photonic SHE at a metasurface with a designed 

phase discontinuity over the wavelength scale enables the observation of transverse motions of 

circularly polarized light. The anomalous skew scattering of light simultaneously breaks the 

rotational symmetry in the polarization space and the axial symmetry along its trajectory, giving 

rise to a broadband PSHE, even at the normal incidence. The generation and manipulation of 

strong spin-orbit interaction of light with tailored nanomaterials provide a new degree of 

freedom in information transfer between spin and orbital angular momentum of photons. 

 

 

Figure 6.4. (a)Wavelength dependence of the refraction angles when excitation is normally 

incident onto the metasurface. The measurement was conducted for three samples with different 

phase gradients of 3.6, 4.0, and 4.4 rad/mm. Themeasured refraction angles agree well with the 

theoretical predictions (solid curves). The angles are the same for both the left and right 

circularly polarized light. (Inset) Schematic depiction of the light trajectory for the anomalous 

refraction for the surface normal incidence. (b) Transverse motion (data points with error bars) 

between anomalously refracted light beams with right and left circular polarizations, showing a 

PSHE effect over a broad range of wavelengths. Solid curves are a guide for the eyes. The 

measurement was performed for three metasurfaces with different phase gradients. The incidence 

was kept at surface normal but was periodically modulated between the left and right circular 

polarizations. Any transverse motion of the weight center of the beam was detected by a 

position-sensitive detector. 
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6.1.5 Analysis for photonic spin hall effect 

One can quantitatively evaluate the PSHE shift at metasurfaces by considering the total 

energy transport at the interfaces. Any transverse motion of light is captured by the transverse 

components of Poynting vectors. Integrating the Poynting vectors (including the evanescent 

fields) over the full half-space above the metasurface allows us to evaluate the overall transverse 

displacement for a transmitted beam with finite size [144],  
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Here    denotes the Poynting vector component that is perpendicular to the plane of incidence 

(i.e., along transverse y-direction in Figure 7.1).    is the z (surface normal) component of the 

Poynting vector of the transmitted beam at the interface (z = 0). The procedure is general and 

applicable to both transmitted and reflected fields. A similar approach has been employed by 

Renard to analyze the Göös-Hänchen 

Internal Reflection, by integrating the longitudinal components of Poynting vector 
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 (30). To evaluate the effect numerically we use the rigorous Fourier modal 

method for solving the Poynting vectors of the transmitted fields [145]. Figure 7.5 show the 

numerically integrated PSHE shifts for a metasurface with a phase gradient of 4.4 rad/μm. The 

incident polarization is circular and the result agrees well with the experiments. The finite sized 

Gaussian beam is simulated by the superposition of a set of plane waves (11×11 plane waves) 

spanning in both polar and azimuthal directions,  
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Here ( ) is the electrical field vector of each individual plane wave, and  0 is the amplitude of 

the incident Gaussian wavepacket.  || is the transverse components of the wave vector  .    
measures the angular spectral width of the beam and a 4-degree spectral width is chosen for the 

calculations shown in Figure 7.5. For each individual plane wave, sufficiently large numbers of 

Fourier orders (21×21) were retained in the simulation to ensure the convergence. 
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Figure 6.5. PSHE of circularly polarized light for a metasurface with a phase gradient of 

4.4rad/μm 

 

6.1.6 Summary 

The spin Hall effect (SHE) of light is very weak because of the extremely small photon 

momentum and spin-orbit interaction. Here, we reported a strong photonic SHE resulting in a 

measured large splitting of polarized light at metasurfaces [146]. The rapidly varying phase 

discontinuities along a metasurface, breaking the axial symmetry of the system, enable the direct 

observation of large transverse motion of circularly polarized light, even at normal incidence. 

The strong spin-orbit interaction deviates the polarized light from the trajectory prescribed by the 

ordinary Fermat principle. Such a strong and broadband photonic SHE may provide a route for 

exploiting the spin and orbit angular momentum of light for information processing and 

communication. 
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6.2 Plasmonics assisted flying head nanolithography 

6.2.1 Introduction to nanolithography beyond diffraction limit 

Optical imaging and photolithography promise broad applications in nano-electronics, 

metrologies, and single-molecule biology. Light diffraction however sets a fundamental limit on 

optical resolution, and it poses a critical challenge to the down-scaling of nano-scale 

manufacturing. Surface plasmons have been used to circumvent the diffraction limit as they have 

shorter wavelengths. However, this approach has a trade-off between resolution and energy 

efficiency that arises from the substantial momentum mismatch. Here we report a novel multi-

stage scheme that is capable of efficiently compressing the optical energy at deep sub-

wavelength scales through the progressive coupling of propagating surface plasmons (PSPs) and 

localized surface plasmons (LSPs). Combining this with airbearing surface technology, we 

demonstrate a plasmonic lithography with 22nm half-pitch resolution at scanning speeds up to 

10m/s. This low-cost scheme has the potential of higher throughput than current 

photolithography, and it opens a new approach towards the next generation semiconductor 

manufacturing. Creating super-fine nano-scale patterns with high throughput is essential for 

high-speed computing, data storage and broader applications for nano-manufacturing. 

Photolithography has been the most successful process for continuing the scaling down of 

semiconductor devices as predicted by Moore’s law [147, 148]. However, due to the diffractive 

nature of light, it becomes increasingly costly and difficult for the current optical lithography to 

continue the reduction of node size. For example, the state-of-the-art optical immersion tool cost 

for dedicated double- and multiple- patterning techniques is exceeding $50M per tool. And the 

process complexity now makes the mask set cost over 5 million US dollars because of the large 

amount of data required to write these masks and the difficulties in implementing the necessary 

optical proximity correction [149]. Because of the ever-increasing complexity and cost of the 

mask-based lithography, maskless schemes are emerging as a viable approach by eliminating the 

need for masks to reduce cost and design cycle [150]. However, the low throughput of most 

maskless methods due to the serial and slow scanning nature remains the bottleneck. Although 

multi-axial electron-beam lithography has been proposed to increase throughput by using 

multiple beams in a parallel manner, there are difficulties in simultaneously regulating the 

multiple beam sizes and positions because of the thermal drift and electrical charge Coulomb 

interactions, which result in significant lens aberration [151, 152, 153, 154, 155, 156, 157]. 

Another optical maskless approach is to use assisting light beams to control the resist kinetics to 

achieve subdiffraction features [158, 159, 160]. It provides a low-cost alternative, however the 

achievable feature size is still greatly affected by the spatial regulation capability of the far field 

optics. Amajor improvement inmaskless lithography is thus critical in order to satisfy the 

demands inmass production for the semiconductor industry.Working at optical near-field is 

another approach to overcome the resolution limitation of conventional photolithography 

techniques, but it still faces key obstacles such as energy throughput and working distance 

control for high volume manufacturing [161, 162, 163, 164, 165, 166]. To overcome those 

limitations, the plasmonic nanolithography (PNL) technique has been explored for high-speed 

maskless nearfield nano-patterning using a plasmonic lens (PL) [167]. Despite the promising 

potential of PNL, important issues such as the trade-off between spatial confinement and inherit 

loss of surface plasmons (SPs), and therefore the throughput, are yet to be solved before this 

approach becomes practically viable. A fundamentally new optical scheme in realizing efficient 

optical confinement at deep sub-wavelength scale is needed.  
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PSP and LSP have been used in high resolution optical imaging, light delivery and 

lithography beyond the diffraction limit [13, 14, 30, 69, 168, 169, 170, 171, 172, 173, 174, 175, 

176, 177, 178, 179, 180, 181, 182, 183]. Typical PSP is suitable for optical wave guiding 

applications, however, its poor spatial confinement makes it difficult to further scale-down the 

resolution [184, 185, 186, 187]. On the other hand, LSP can achieve deep sub-wavelength optical 

confinement, but it does not provide enough energy throughput due to accessing the same 

features at 1/16 of the excitation wavelength through a progressive multi-stage focusing scheme. 

(b) Designs of plasmonic lens (PL) structures and simulation results. Two cases of PL designs 

are shown here for comparison, including: case I (left), a PL consisting of two ring grooves and a 

centered 40nm diameter circular aperture working with PSP; case II (right), a multi-stage 

plasmonic lens (MPL) consisting of two ring grating slits with the dumbbell-shaped aperture and 

an additional outer ring reflector (RR) slit working with both PSP and localized surface plasmon 

(LSP). Both of them are made of a 60nm Cr thin film and optimized for illumination at 355nm 

wavelength with linear polarization along the x-axis. Both scale bars are 500nm. (c) The 

simulated light intensity profiles at the plane 10nm away from the lens along the x-axis which 

are normalized to the incident light. At the deep sub-wavelength region, the PSP itself is 

incapable of sustaining high transmission through the circular aperture, but the LSP greatly helps 

to improve the center transmission by several orders. (d) Temperature profiles in the thermal 

type resist layer under MPL heating. Two different time durations of laser pulse of 10 ps (red) 

and 10ns (blue), respectively, have been used in the numerical study. By properly controlling the 

laser power level and pulse duration, we can further improve the feature size down to 22nm. The 

ps-pulsed laser has great advantages over the modulated continuous-wave laser in terms of 

pattern size and contrast. 
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Figure 6.6. Progressive multi-stage focusing scheme efficiently squeezes light to the deep sub-

wavelength scale. (a) The accessible wavenumber range (red line) for conventional optics is 

limited to k0 by diffraction. The dispersive nature of the propagating surface plasmon (PSP) 

allows accessing a broader range of wavenumbers (black solid line), however a very short 

excitation wavelength (160nm) is still required to resolve 22nm features with high intrinsic loss. 

Our multi-stage approach allowsmodes efficiently for imaging, sensing, energy conversion and 

storage [185, 189, 190, 191, 192]. Here we report a new nano- focusing scheme based on a 

multi-stage plasmonic lens (MPL) design on an air bearing surface (ABS) utilizing both PSP and 

LSP. Through this progressive focusing scheme, as illustrated in (a), that combines PSP focusing, 

LSP conversion and nano-scale thermal management on the photoresist, we are able to 

efficiently squeeze light into the deep sub-wavelength scale and achieve nanolithography with 

22nm resolution using a 355nm pulsed laser source. In comparison with the state-of-art 

immersion photolithography, our plasmonic lithography system costs orders of magnitude less 

than the current lithography tool. 

 

6.2.2 Design and numerical studies of plasmonic lens 

The key MPL design to achieve the high resolution with the required throughput consists of 

a dumbbell-shaped aperture, a set of ring couplers (two inner rings) and a ring reflector (the outer 

ring), fabricated on a metallic thin film. As schematically illustrated in Figure 6.6 (a), the PSPs 

are excited and propagate towards the center of MPL by using a circular shape grating, where 

they are further efficiently converted into deep subwavelength LSPs through the dumbbellshaped 

aperture, thereby achieving an optical confinement of less than 50 nanometers. In comparison to 

the extremely low optical transmission through the deep-subwavelength holes, a MPL can 

provide 5-10 orders of magnitude higher optical transmission in the same area which ensures that 
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the focused light spot has enough energy for writing patterns at an extremely fast scanning speed 

[193, 194]. Through electromagnetic simulation we compared two plasmonic structure designs 

working at the excitation wavelength of 355nm with their corresponding light intensity 

normalized by the incident light intensity (CST Microwave Studio). In Figure 6.6 (b), case I 

shows an example of PSP-based PL with a 40nm diameter circular aperture at its center [153, 

170]. By guiding the PSP energy towards the center it is capable of producing orders of 

magnitude higher transmission through the same size hole. However, it can be seen that the net 

transmission through a PSP-based PL decreases rapidly when the center hole size further reduces 

into the deep sub-wavelength region. Case II shows our new MPL design where the center hole 

is replaced by a dumbbell-shaped aperture in order to convert PSP into LSP to enhance the 

confinement and intensity at the focal point [195, 196, 197, 198]. The performance of the MPL is 

further improved by adding a third ring placed at a half-wave length position of the circular 

grating so that it acts as a reflector for the outward propagating PSP waves due to deconstructive 

interference. The central focal spot by the MPL has a peak intensity of 13.1 times the incidence 

light with a 45nm FWHM spot size. The ring gratings are etched all the way through the metal 

film thereby causing the side lobes with a maximum intensity of 2.0 times of incidence, 

corresponding to a contrast ratio of 6.5 to the focal spot intensity, which is well under the 

exposure threshold for our current maskless lithography purpose. The contrast ratio can be 

further enhanced to 70 or more by replacing the grating slits with shallow blind grooves similar 

as those used in case I (Figure 6.11). High throughput writing requires using a large number of 

lens array at high speed, which calls for efficient PSP energy utilization for each lens. We 

designed the MPL with a diameter of about 1 mm with a Cr metal layer because its superb 

mechanical properties can prevent lens damage when the lens flies within a few nanometers 

above the substrate at high speeds of several meters per second. Replacing Cr with other metals, 

such as aluminum with a better mechanical lens protection can further improve the peak intensity 

by a few times (Figure 6.7).  

 

 

Figure 6.7. The contrast of the MPL focus can be enhanced by replacing the etched-through rings 

with shallow blind grooves from the incident side, showing (a) the perspective view of the MPL 
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with shallow blind grooves, and (b) the side lope transmissions have be attenuated by more than 

one order of magnitude and the contrast ratio is enhanced to 70. 

 

Figure 6.8. When replacing Cr with Al, the focus spot intensity can be further improved by a few 

times higher than that of Figure 6.11(c). 

 

6.2.3 Fabrication of metamaterial and plasmonic nanolithography system 

The sapphire ABS was fabricated using micro-fabrication techniques as the fabrication 

procedures shown in Figure 6.9. First, the ABS pad recess was fabricated  using a commercially 

available lithography setup (Karl Suss MA6 Mask Aligner) to make a resist pattern and a 

subsequent Aluminum RIE etcher to etch sapphire substrate. Subsequently, the ABS base recess 

was fabricated using a chromium etch mask due to the required large etching depth (~2.4um). 

The base pattern was lithographically transferred onto photoresist on top of 4.5um thick Cr film 

deposited on sapphire sample. Wet etching using CR-7 etcher was used to etch chromium as the 

etch mask, then, the pad recess was fabricated using Aluminum RIE etcher to etch sapphire 

sample. Figure 6.9 shows the image of the fabricated ABS after the etching process. After dicing 

the ABS using an automatic dicing saw, an 80-nm chromium film and a 15nm diamond-like-

coating protective layer were sputtered on the ABS using a sputtering machine (Edwards Auto 

306 DC and RF Sputter Coater). The chromium film was employed due to its hardness. After 

that a plasmonic lens or an array of plasmonic lenses was fabricated using focused ion beam 

milling (FIB, FEI Strata 201XP). The film on ABS is prepared as follows. First the 80nm thick 

Cr film, following by a transition layer of a few-nanometer thick chromium-carbide and a 12nm 

thick diamond like carbon (DLC) film were deposited on the sapphire slider using sputtering 

machine. In order to improve the adhesion of the DLC to Cr film, the thin transition layer of 

chromium-carbide film is employed by co-sputtering of Cr and C simultaneously.  
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Figure 6.9. Air bearing slider fabrication process 
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6.2.4 Flying head lithography system set-up 

Instead of continuous-wave laser we use a pulsed laser with a thermal resist to achieve the 

high resolution and patterning throughput by lowering the required operating laser power level 

and controlling the heat diffusion at the nanoscale. Figure 6.6 (d) shows the simulated 

temperature profiles in the thermal resist layer under heating from the optical field of focused 

plasmons from MPL under two different laser pulses. With 10 ps-pulses, we can further improve 

the feature size down to 22nm (about half of the optical spot of 45 nm focused by the MPL) and 

reduce the required laser average power from 105mW to merely 9mW by utilizing the nonlinear 

and time dependent response of thermal resist [199, 200]. The high-speed plasmonic writing 

involves the competition of optical absorption at the nanoscale, heat accumulation and thermal 

diffusion. The energy deposited into the nanoscale resist volume can rapidly diffuse into the 

neighboring region within a nanosecond, which enlarges the exposed features, increases the 

required laser power, and causes pattern distortion. Therefore, the pulsed laser has great 

advantages over the continuous-wave laser for ensuring the good thermal confinement in the 

resist layer. Application of the pulsed laser also allows the employment of a PL array for parallel 

patterning. Using advanced ABS techniques, we can fly a scanning device of a few millimeters 

that carries arrays of MPLs (up to 16,000) at sub-10nm above a resist surface with a speed of 4-

14 m/s (Figure 6.12). We experimentally demonstrated high throughput direct writing at 22nm 

half pitch and the parallel patterning. The ABS technique used for the scanning gap control is a 

self-positioning method which can maintain a consistent nano-scale gap during high speed 

scanning. The air flow created by the relative motion between the rotating substrate and the ABS 

generates an aerodynamic lift force, which is balanced by the force supplied by a spring 

suspension. Due to the high air bearing stiffness and small actuation mass, the flying head can 

follow the substrate profile and maintain a consistent flying height of 5-20nm with sub 1-nm 

variation. The ABS was designed using an in-house developed air bearing simulators [201] and 

fabricated at the bottom of the transparent flying head made of sapphire using micro-fabrication. 

With careful ABS design, it is possible to achieve a consistent working gap at a wide range of 

substrate rotation speeds and radial positions, and therefore eliminate the need for a high 

bandwidth feedback control loop, one of the major technical barriers for high speed patterning 

using AFM-type scanning probes. In our work, the working gap is 10nm over the velocity range 

from 4 to 14m/s with a sub-1nm variation. The pitch and roll angles of the flying head are kept 

consistent at 40mrad and sub-1 mrad, respectively. The array of MPL (SEM image shown in 

Figure 6.11 (a) and (b)) was later fabricated by focused ion beam milling on a 60nm thick 

chromium (Cr) film coated on the ABS. Figure 6.11 (c) shows the field intensity distribution at 

the plane 10nm distance away from the lens and has been normalized to the incident light 

intensity. As schematically shown in Figure 6.11 (d), each of the MPLs can be controlled using 

independent laser beam in order to enable high-throughput parallel writing. 

In the nanolithography experiments, detailed experimental set-up is shown in Figure 6.10. A 

spindle was used to rotate the substrate with the resist at 2,500rpm corresponding to a linear 

speed of 4-14 m/s at different radii, and a ps-pulsed UV laser (Vanguard, Spectra-Physics, 355 

nm wavelength) was used as the exposure light. Through a single UV objective, a few 

individually modulated laser pulse trains were first focused down to separated spots with 

diameter of several micrometers to illuminate the area of the designated MPL structure on the 

ABS surface. Then, each of the MPLs further focuses the pre-focused light spot to a nanoscale 

spot for patterning the resist layer. The information of the relative position between the flying 
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head and substrate is provided by the spindle encoder (angular) and a linear nanostage (radial), 

which feeds to a home-made pattern generator to pick the laser pulse for exposure through an 

optical modulator. During the test, an interferometry setup and an acoustic emission sensing 

module were installed to monitor the real-time motion of the flying head during the lithography 

process. The resist used in our test is (TeO2)xTeyPdz [x~80% wt., y~10% wt., z~10%wt.], an 

inorganic thermal type developed on the basis of the Te-TeOx resist. Pd is added to the Te-TeOx 

in order to enhance the exposure uniformities and resist resolution by forming finer crystalline 

grains during phase transition, and its thermal stability is also beneficially improved. This 

inorganic resist is employed also because of its good mechanical properties for tribological 

issues, and good sensitivity for high-resolution. After the PNL experiment, the exposed patterns 

were developed in diluted KOH solution and then examined by AFM. 

 

 

Figure 6.10. MPL array and plasmonic flying head enable high-throughput maskless plasmonic 

nanolithography (PNL) by focusing the ultraviolet laser energy into nano-scale spots onto the 

high speed spinning substrate. (a) The SEM picture of a multistage plasmonic lens (MPL) 

consisting of a dumbbell-shaped aperture, a set of ring couplers (two inner rings) and a ring 

reflector (the outer ring), fabricated on a metallic thin film in 60nm thick Cr film. The parameters 

of the centre aperture are shown in the insert, where W5240 nm, H598 nm, R535 nm, r540 nm, 

and d526nm. The radii of the three rings are 240, 480, and 600nm. And the width of the rings is 

50nm. (b) SEM image of hexagonally packed MPL array. (c) The field intensity distribution at 

the plane 10nm distance away from the MPL surface normalized to the incident intensity of 

355nm wavelength light. The half-circular shaped side lopes in the intensity profile are the direct 

transmissions through the three rings and their intensities are far below the exposure threshold of 

the resist. (d) Advanced air bearing surface (ABS) is used to maintain the gap between the lenses 

and the substrate at 10nm at a linear scanning speed of 10 m/s. 
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Figure 6.11. Plasmonic nanolithography (PNL) experiments layout. A control system is used 

during patterning process to modulate the incident beam based on the relative position between 

the PNL head and the spinning substrate. 

 

 

Figure 6.12. MPL’s field confinement is a function of the gap size of the center aperture (gap 

size d in the insert of Fig. 2a). The FWHM of the intensity profile almost linearly increases from 

15nm to 81nm at the gap range of from 5nm to 50nm. As the gap further increases beyond 50nm, 

the focal spot eventually splits into two separate focal spots. Therefore, a reasonably smaller gap 

size is preferable for generating finer feature. All scale bars are 100nm. 



90 

 

6.2.5 Plasmonic flying head lithography result and discussion 

Figures 6.13 (a) and (b) show the AFM image of closely patterned dots with 22nm half-

pitch resolution by PNL with the cross-sectional scan (Figure 6.13 (c)). The results are in 

agreement with the experimental conditions (substrate velocity at 7m/s and the laser pulse 

repetition rate at 160 MHz), and each dot is generated by a single laser pulse. Similar to other 

maskless approaches, writing at a higher laser power or higher pattern spatial frequency allows 

the dots to merge into continuous lines with different widths. The result is shown in Figure 6.14 

where two MPLs in the lens array independently write on the thermal resist in parallel. To obtain 

50nm wide solid lines, the MPL1 was excited with a laser power twice that used for Figure 6.13, 

and the MPL2 simultaneously used a ramping laser power varying from 2 to 4 times. It is shown 

that the exposure feature size can be controlled by regulating the laser power during the pattern 

writing. It should also be noted that the pattern definition can be greatly improved by the 

optimization of the resist exposure threshold and post-development conditions. 

 

Figure 6.13. AFM image of closely packed dots at 22nm half-pitch on the thermal resist. (a) 

AFM image of four trains of dot lines. (b) 3D topography of the boxed dot line in Figure (a). (c) 

cross-sectional profile of the dot line in Figure (b). 

 

 

Figure 6.14. AFM image of a PNL parallel writing result on the thermal resist. Two of MPLs in 

an array were used to simultaneously write independent patterns, capital letters “PI” and “LI”, 

respectively. MPL1 used a fixed laser power at 2 times that used in generating the result in Fig. 3, 

and MPL2 used an increasing power varying from 2 to 4 times. As the laser power level further 

increases, the side lobe patterns from the MPL start to show on the resist layer. 
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6.2.6 Summary 

In this chapter, we have demonstrated a high speed plasmonic nanolithography with 22 nm 

half-pitch resolution. This is achieved by employing multi-stage plasmon focusing through 

relatively low-loss propagating surface plasmons focusing and later conversion to localized 

plasmons. This allows the highly efficient transmission and focusing of near-field spot which is 

the key to improving the throughput, for a given laser power, by increasing the scanning speed 

and/or by employing a great number of MPLs and flying heads for parallel patterning. In 

principle, this scheme allows a single flying head to carry up to 16,000MPLs, which can pattern 

a 12inch wafer in minutes. This is comparable to conventional production-level photolithography 

but at a much higher resolution of 22nm half-pitch size. This new scheme enables a low cost, 

high-throughput maskless nano-scale fabrication with a few orders of magnitude higher 

throughput than conventional maskless approaches. It may allow continuously scaling to smaller 

node size beyond 22nm by utilizing shorter SPs wavelength and guiding mechanisms, and it 

opens up a promising route towards the next generation lithography for semiconductor 

manufacturing [189]. In addition, it also holds a great potential in the next generation magnetic 

data storage, known as heat assisted magnetic recording (HAMR) and Bit-PatternedMedia 

(BPM), to achieve two orders higher capacities in the future [202]. 
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Chapter 7 Nanofabrication techniques for metamaterials 

and plasmonics 

 

Nanofabrication techniques for metamaterials and 

plasmonics 

7.1 Photolithography overlay for microscale 3D metamaterials  

Photolithography is one of common patterning methods to define the structures in 

microscale science and engineering. I would like to show an example to describe general 

photolithography process with switchable chiral metamaterials device for photo-induced 

negative refractive index switching we dealt in chapter 5. The device has full 3D structures made 

by photolithography overlay, electroplating, lift-off, wet & dry etching and so on. 

 

 

Figure 7.1. Fabrication flow and final SEM pictures 

7.1.1 Substrate cleaning  
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The switchable chiral metamaterial device starts with Silicon on Sapphire (SOS) wafer 

whose thickness of Si is 0.6um. Initially, the substrate is cleaned to remove organic, metallic, and 

oxidized contaminants with piranha cleaning at 120°C for 10min. Rinse with DI water and 5:1 

buffered oxide etchant (BOE)  for 1min are followed to remove a native oxide layer. The water 

rinse treats it again and spin dry step is the final step of the substrate preparation as Figure 7.2. 

 

 

Figure 7.2. SOS substrate 

 

7.1.2 Definition of Si pads 

Si pad plays a role of a switch to turn on and off negative index by external pumped laser. 

To define this pad, OCG825 g-line photoresist is spun on the substrate and baked at 90°C for 

90sec. Karl-Suss MA6 mask aligner exposes UV light with vacuum contact mode for 50mJ/cm
2
 

of g-line and the UV exposed area is developed by the developer OCG 934 for 60sec. Si is 

etched by Reactive Ion Etcher (RIE, PTHERM) with the gases of SF6 60sccm and O2 6sccm, the 

power of 100W for 90sec. The mask photoresist will be removed by photoresist remover, PRS-

3000 for 10min. Finally, piranha and DI water cleaning are followed for cleaning as Figure 7.3. 

 

 

Figure 7.3. Definition of Si pads 

 

7.1.3 Deposition of electrode 
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Electroplating will be used to make Au pillars afterwards, and it needs an electrode layer on 

the substrate. Aluminum (Al) layer is deposited on the substrate by a sputter which can give 

good step coverage on Si pads. Sputtering conditions are Ar 30sccm, power of 100W, and time 

60min for conformal deposition to make 400nm of total thickness as Figure 7.4. 

 

 

Figure 7.4. Deposition of electrode 

 

7.1.4 Definition of Au pads 

300nm of Au pads will be defined on the Si pads as Figure 7.5. LOR 10A is spun on the 

substrate and baked at 170°C for 5min. Rohm and Haas S1818 positive resist is spun on the 

surface and baked at 110°C for 2min. Karl-Suss MA6 mask aligner exposes UV light with 

vacuum contact mode for 120mJ/cm
2
 of g-line and the UV exposed area is developed by the 

developer MF-26A for 110sec and rinsed by DI water. 10nm Cr and 300nm Au are deposited by 

electron beam evaporator. PRS-3000 is used for lift-off at 70°C for several hours.  

 

 

Figure 7.5. Definition of Au pads 

7.1.5 Definition of contacts 
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Electroplating solution attacks Al electrode layer, so the electrode layer should be protected 

during electroplating process. Spin on glass (SOG, Futurex IC1-200) is spun on the substrate 

with 2500rpm and baked at 170°C for 15min. After SOG process, normal UV lithography is 

followed to define contact for the Au pillars  (Figure 7.6). 

 

 

Figure 7.6. Definition of contacts 

 

7.1.6 Definition of SU-8 mold 

5um of SU-8 is spun on the substrate to make a mold for electroplating. SU-8 3005 is used 

with 3000rpm and baked at 95°C for 5min. Karl-Suss MA6 mask aligner exposes UV light with 

vacuum contact mode for 50mJ/cm
2
 of i-line and the UV exposed area is developed by the 

developer SU-8 developer for 60sec and rinsed by IPA. The hard bake step is following with 

190°C for 15min. Oxygen plasma etching is following to remove residual of SU-8 on the surface.  

 

 

Figure 7.7. Definition of SU-8 mold 

7.1.7 Electroplating 
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Au pillars are grown by electroplating process. The electroplating solution uses Trensene 

Pure Gold SG-10 for 60°C. Generally, since the lower electric current gives better surface quality 

of Au, 1mA of electric current is used for 45 minutes. DI water rinse is the post of the 

electroplating process. It is shown in Figure 7.8. 

 

Figure 7.8. Electroplating of pillars 

 

7.1.8 Definition of Au Bridge 

To connect the pillars V-shape of 300nm thick Au bridges will be defined on top as Figure 

7.8. Same process in Figure 7.4 (Au pad definition) is repeated. 

 

 

Figure 7.9. Definition of Au bridges 

 

7.1.9 Post electroplating and dicing 
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Although Cr is deposited while making Au bridges to enhance adhesion between pillars and 

bridges, additional process for enhancing adhesion may be needed because the structure will be 

released into the air. The electroplating solution uses Trensene Pure Gold SG-10 for 60°C. 1mA 

of electric current is used for 5 minutes. DI water rinse is the post of the electroplating process. 

Dicing process is following to cut dies of 16.5mm x 16.5mm. Since sapphire is hard material, the 

speed of cut is set to the lowest value, 0.4mm/sec, and the depth of the cut is shallow, 200um at 

once. Each cut lane needs at least twice of cut to minimize chipping and damaging to the dies. 

 

7.1.10 Release of structures 

The release steps are composed of removing SU-8, SOG, and aluminum in order. Oxygen 

plasma etch is used to etch SU-8 with 300W for 25min. This dry etch method can minimize the 

damage of the structures rather than wet process like piranha treatment. SOG can be removed by 

dipping into BOE 5:1 for 6min and aluminum for electrode can be removed by dipping into Al 

etchant for 8min at room temperature. DI water rinse is following and IPA is the final rinse 

solution to minimize the damage of the structure for low surface tension liquid and the final 

structure is shown in Figure 7.9. 

 

 

Figure 7.10. Release of the structure 

 

7.1.11 Summary 

In this chapter, I described a way making a microscale metamaterial device with 

photolithography. Even though most of metamaterials need smaller feature in nanoscale, 

microfabrication techniques are still important to make microsize and large area metamaterial 

devices in terahertz and higher frequencies. Electron beam evaporation, lift-off process, etching 

techniques are still used for nanofabrication which will be described in next chapter. 

7.2 Electron beam lithography overlay for nanoscale 3D metamaterials  
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Electron beam lithography (EBL) is the most essential technique in nanoscale science and 

engineering as providing nanometer scale very high resolution and flexible design methodology 

with direct writing capability despite several disadvantages such as slow writing speed and 

difficulty in overlay process. Especially due to overlay limitation, it’s very difficult to fabricate 

nanostructures including metamaterial and plamonic structures, and this is one of the biggest 

obstacle to achieve more practical devices such as 3D, isotropic and bulk materials and devices. 

In this chapter, I would like to show my effort to achieve highly reproducible and precise overlay 

methods with super accurate aligning control. With this technique, advanced metamaterials 

structures and further metadevices can be made easily and integrated with conventional 

nanofabrication & microfabrication techniques. 

 

7.2.1 Principle of EBL overlay and strategy for alignment marks 

For the overlay alignment, at least two alignment marks are needed and their positions could 

affect the alignment accuracy. To minimize the align error in both lateral directions, cross type 

alighment mark like Figure 7.11 is designed. In addition it turns out the longer distance gives 

better accuracy due to angled tilting error correction of EBL system. Alignmark is designed like 

Figure 7.12 and alignment measuring ruler is designed like Figure 7.13. Later this alignmark is 

patterned on the substrate, and then aligned with virtual alignmark (cross shape in Figure 7.11) 

during EBL process. 

 

 

Figure 7.11. EBL writing sequence and the locations of alignment marks. Cross shapes are 

alignmarks and center rectangular area is patterns to be exposed and aligned. 
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Figure 7.12. Alignmark patterned in substrate during first layer EBL process 

 

 

Figure 7.13. Alignment error measuring pattern 

 

The alignment test pattern is composed of 1
st
 and 2

nd
 layers as Figure 7.13 (a) and (b), 

respectively, and they play a role of calipers that is composed of intentionally shifted bars. To 

measure the mis-alignment, the matched bars are found for x and y direction and the mis-

alignment can be read from the matched bars. For example, from Figure 7.14, the matched bars 

are located on +70nm position of x direction, and -65nm position of y direction. At least 500 

experiments were repeated to measure average alignment error shown in Table 7.1. 

 

Table 7.1. Average alignment error 

 X:10mm Y:10mm 

σx 4.7nm 

σy 4.6nm 
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Figure 7.14 and 7.15 shows a mis-aligned and good-aligned ruler, respectively. In the case 

of Figure 7.15, alignment error is below 5nm which is also mentioned in Table 7.1, and this 

value is consistently repeated through entire projects except some certain cases of machine 

malfunctionings. 

 

 

Figure 7.14. Result of misaligned overlay 

 

 

Figure 7.15. Result of well-aligned overlay 
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7.2.2  Examples of metamaterials structures by high precision EBL overlay  

EBL overlay allows several types of new fabrication flexibility for nanometer scale 

metamaterial structures. A type of chiral metamaterial [Shuang, PRL] is fabricated in micrometer 

scale working in terahertz frequency range. If we want the chirality to work in optical 

frequencies or visible frequencies, we have to make much smaller structure in nanometer 

dimension which is available with neither conventional microfabrication technology nor non-

overlay EBL. Figure 7.17 is a nanometer dimension chiral metamaterial which is scaled down to 

the factor of 40 by EBL overlay techniques (Figure 7.16). Even though the overlay process is 

very difficult to achieve and not as conventional as the one of photolithography, this well 

prepared result shows the possibility of the 3D metamaterial structures would be possible to be 

made for optical frequencies and visible frequencies applications. 

 

 

Figure 7.16. Fabrication process of three times EBL overlay for nanoscale chiral metamaterials 
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Figure 7.17. The result of chiral metamaterials whose size is scaled down to the factor of 40 

 

 

Figure 7.18. Design of 3D toroidal metamaterials 
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Figure 7.19. 3D view of toroidal metamaterials and the fabrication result with two times EBL 

overlay with SiO2 interlayer between two EBL patterns 

 

Figure 7.18 and 7.19 shows another type of applications using EBL overlay. The first EBL 

pattern (toroidal pattern at the bottom) and the second EBL pattern (toroidal pattern on the top) 

are separated by 50nm SiO2 thin film layer. The interlayer coating and 2
nd

 EBL structure are 

following by the 1
st
 EBL structure subsequently. In this type of overlay technique, we can stack 

the multiple layers of EBL patterns with separation layer between each of them. Each EBL layer 

is not connected to each other, and they can make three dimensional and bulk type of 

metamaterial structures. Figure 7.19 shows another example of two steps EBL overlay to 

demonstrate optical isolator metamaterial having directional transmission. Like the case of 

Figure 7.19, the first patterns are generated by EBL and lift-off process, and interlayer of SiO2 is 

deposited. Then, the second patterns are made by EBL overlay to align with the first layer. 

 

 

Figure 7.20. Optical isolator made by two times EBL overlay 
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Figure 7.21 and 7.22 show the new type of applications making isotropic negative refractive 

index metamaterials which are only available by very accurate multisteps EBL overlay process. 

 

 

Figure 7.21. Four times EBL overlay process of stacked ring structure for isotropic negative 

refractive index metamaterial 

 

 

Figure 7.22. Two times EBL overlay process of stacked random bar structure for isotropic 

negative refractive index metamaterial 
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Figure 7.23. Design of hyperbolic metamaterial stacked SOI waveguide (2 EBLs) 

 

 

Figure 7.24. Design of SOI waveguide with three times EBL overlay (4 EBLs) 

 

Figure 7.23 and 7.24 shows another application where a hyperbolic metamaterial of gold 

and silicon oxide multilayer is integrated into the silicon-on-insulator (SOI) waveguide. In this 

case, the first EBL patterning is achieved to define the waveguide structure on SOI substrate, and 

then the second (Figure 7.23) and the third & the fourth (Figure 7.24) EBLs are executed to 

define the hyperbolic metamaterial template, respectively. Finally, hyperbolic metamaterial is 

deposited by electron beam evaporation to fill the template on the top of SOI wafer. The 

fabricated devices of Figure 7.23 and 7.24 are shown in Figure 7.24 (a) and (b), respectively.  
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Figure 7.25. Fabrication of hyperbolic metamaterial stacked SOI waveguides. (a) SEM picture of 

fabricated waveguide in Figure 7.23 (b) SEM picture of fabricated waveguide in Figure 7.24 

 

 

Figure 7.26. Design and fabrication of asymmetric bars structure with two different heights 

 

The final approach is fabricating two or more different heights and materials structure 

fabrication. Due to the nature of EBL and lift-off process, a single height structure and a single 

type of material can be defined per EBL process. Therefore, fabricating two structures with 

different heights or different materials are not possible with single EBL process. However, 

introducing with EBL overlay process it becomes possible as shown in Figure 7.26, 7.27 and 

7.28. Very precise EBL aligning related metamaterials and plasmonics works are shown in 

several literatures [110, 177, 205, 206, 207]. 
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Figure 7.27. Detailed view of asymmetric bars structure with two different heights 

 

 

Figure 7.28. Design and fabrication of plasmonic bars structure with two different materials 

 

7.2.3 Summary 

In summary, EBL overlay process with highly precise align error allows several new types 

of metamaterial and plamonic structures, especially for 3D structures, CMOS compatible 

integrated devices, multiple materials and height combination in a single device and so on. This 

will offer a new platform and methodology toward three dimensional, bulk and isotropic 

metamaterial and plasmonic structures for more practical devices. 



108 

 

7.3 High resolution lift-off  

7.3.1 Cold development 

In EBL process, lift-off process is a subsequent process to define patterns because this 

process can make patterns with variety of material. When electron beam exposes to PMMA 

resist, it causes scission of the polymer chains to make low molecular weight segments and the 

exposed will be washed by developer (MIBK:IPA=1:3 solution, Microchem). While exposing of 

electron beam, scattered electron beam from the substrate also cuts the polymer chain from the 

bottom side and it results in negative angle of the developed area. However, when the resist is in 

developing, the corner of top surface of the resist also will be developed and it makes positive 

angle of resist. This positive angle of resist causes that material will be deposited on the side wall 

and it results in poor pattern definition as Figure 7.29 (a). However, instead of using room 

temperature developer, if cold developer is used for developing process, the resist is cooled, the 

higher molecular weight chain segments freeze-out more rapidly than the lower molecular 

weight segments that would be found in the exposed region. Therefore, the lower molecular 

weight region, the bottom of a resist, will be developed faster than the higher molecular weight 

region, the top of a resist [203]. This process helps the vertical angle make negative to prevent 

side wall deposition and the fine patterns can be obtained as Figure 7.29 (b). This sharper and 

angled PMMA structure allows cleaner lift-off process due to minimized side-wall interaction. 

Lift-offed metamaterials structures such as metamaterial optical cavities in the chapter 4 in this 

dissertation are all made by the cold development otherwise there is noted. 

 

 

Figure 7.29. The effect of the developing temperature. (a) Room temperature (25°C) (b) Low 

temperature (4°C) 

 

To compare both schemes above, several test patterns are made with EBL and gold lift-off in 

PMMA A3. The temperature of a developer is 4°C and the development time is 3 times longer 
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than the case of the room temperature (RT). Figure 7.30

 

Figure 7.30. (a) shows the sample developed by room temperature and Figure 7.30 (b) shows 

the sample developed by cold temperature. The RT sample represents poor line sharpness and 

corner roundness and, finally, the dimension of the pattern is hard to match to the original design. 

However, the cold developed case represents much better pattern quality and this process is very 

effective to the EBL lift-off process. 

 

Figure 7.30. The comparison of the temperature of developer (a) RT (25°C) (b) Cold (4°C) 

 

The other plasmonic antenna structures are shown at Figure 7.31 as examples of improved 

quality of EBL and lift-off process very much. 
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Figure 7.31. Examples of the structure made by cold development process. Plasmonic and 

metamaterial structures such as nanowires, phonon bars, split ring resonators array are shown. 
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7.3.2 Bi-layer MMA-PMMA resists process 

The cold development process can make negative angle of  side wall in photoresist to make 

fine features, but if the temperature goes up in the middle of development process or the 

temperature is not enough low, the vertical profile can make bad effect to have positive side wall. 

The bi-layer MMA-PMMA process uses two types of resists, MMA and PMMA, and they have 

different sensitivity of electron beam. MMA is much more sensitive than PMMA so that the 

developed pattern in MMA with same electron beam doses will be bigger than the pattern in 

PMMA. Therefore, if MMA layer is below PMMA layer, the vertical profile will have 2 steps 

and the bottom step in MMA region will be wider than PMMA region. The schematic process of 

single layer and bi-layer process are shown in Figure 7.32 and 7.33, respectively. Usually,  

 

 

Figure 7.32. Single layer lift-off process with PMMA 

 

For the bi-layer lift-off process, firstly, MMA and PMMA are spun on the substrate in order, and 

electron beam is exposed on the top surface. Because of different sensitivity to electron beam, 

the width of patterns in MMA will be wider than in PMMA, and it prevents material deposited 

on the side wall. Unless there is special comment, I used three times higher MMA layer than the 

final structure for better quality lift-off process. Finally, the patterns are obtained and a very fine 

pattern without any residue can be obtained as Figure 7.33 (b) comparing to the Figure 7.33(a) 

by single layer process.  
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Figure 7.33. Bi-layer lift-off process with MMA/PMMA 

 

 

Figure 7.34. Example of bi-layer MMA-PMMA process (a) Split ring resonator with single layer 

lift-off process (b) Split ring resonator with bi-layer lift-off process 
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7.3.3 Summary 

In this chapter, I discussed several creative methods to improve the quality of metal and 

dielectric nanostructures based on nanofabrication techniques such EBL and lift-off process for 

metamaterials and plasmonics research. As well as high resolution is important, the clean 

profiles of structure such as surface roughness and sidewall are also important to show proper 

optical properties for the purpose of metamaterials and plasmonics. The methods discussed in 

this chapter are one of the efforts to compensate the lack of proper techniques for the fast 

development of nanofabrication tools. 

 

7.4 Controllable single quantum dot lithography 

Quantum dots (QDs) are one of the most interesting components in nanoscience and 

nanotechnology. For its very efficient single emitter property, it is considered as a future emitting 

source which could be widely used for semiconductor, display and laser technology. However, 

current problem is controlling the number and position of QDs. To integrate QDs into 

nanodevices such as nanophotonic and nanoelectronic devices, we have to control the exact 

number of QDs to be located on the devices and the precisely aligned location on the devices. 

The more QDs are located in a position, the more chance they could be aggregated to each other. 

Also, if QDs are positioned in unwanted locations, it will prevent high performance of the 

devices. Therefore, in this chapter, I will show very precise and accurate position control with 

single QD as a future lithography technique of QDs and further nanoparticles. It will be hugely 

impactful for several research, especially for integrating QDs with metamaterials and plasmonics 

devices to enhance their performance. 

 

7.4.1 Direct lift-off method 

Direct lift-off method is dealing QDs like normal materials for lift-off process. After 

making templates structures in photoresist, depositing QDs (actually spreading out QDs on the 

substrate) is followed. Finally, once we remove photoresist by acetone or other solvents, only 

QDs structure remains on the substrate. The merit of this process is very easy integration with 

EBL process. EBL process is very standard process to define the nanostructures as we discussed 

previous chapters, and EBL overlay allows very precise control of structure positioning on the 

existing structure. Therefore, QDs are also possible to be positioned on the designated location of 

the existing devices. The drawback of this process is very difficult to control the number of QDs. 

Generally, putting single QD is meaningful for many research directions, but in this case many 

QDs are being aggregated during spreading and soaking processes. Therefore, only with very 

precise concentration control, it would show more promising for QDs lithography. Figure 7.35 

shows the process flow. It is very similar to the normal lift-off process. As like normal lift-off 

process is done with thin film deposition in polymer template, this method also use polymer as a 

template to define the nanostructure of QDs. Finally polymer is removed to release the QDs only 

nanostructures on the substrate. Figure7.36 and 7.37 are the results from two different QDs 

depositing method, one is Electrical deposition and the other is alternative charged QDs 

deposition. Figure 7.37 shows more uniform distribution though both didn’t show single QD.  
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Figure 7.35. Direct QDs lift-off process flow. (a) Substrate preparation. (b) EBL process defines 

template. (c) QDs are spread out and soaked for a while. This stage is compatible to deposit thin 

film in normal lift-off process. (d) Photoresist is removed, thus the QDs structure only remains. 

 

 

Figure 7.36. Result of direct QDs lift-off process with electrical deposition of QDs 

 

 

Figure 7.37. Result of direct QDs lift-off process with alternatively charged QDs deposition 
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7.4.2 Direct EBL on QDs doped photoresist method 

Second method is direct EBL writing on QDs doped photoresist. In this case we mix QDs 

into liquid type of PMMA or power type of PMMA with toluene solvent. With careful control of 

concentration, we expect QDs are distributed in the entire PMMA uniformly. However, 

controlling uniformity is difficult to achieve. Instead, relatively easy patterning through normal 

EBL process allowed very flexible design process due to EBL’s direct exposure on the QDs 

doped PMMA. Figure 7.38 describes fabrication flow of direct EBL writing on QDs doped 

PMMA. It allows easy fabrication method, but concentration control for single QD was very 

difficult. Figure 7.39 shows an example made by this method. 

 

 

Figure 7.38. Direct EBL on QDs doped PMMA process flow. (a) Substrate preparation. (b) QDs 

doped PMMA is spin coated on the substrate. (c) EBL exposes the PMMA for designed structure. 

 

 

Figure 7.39. Result of direct EBL on QDs doped PMMA. In the center area, 50nm wide line 

array is well defied with QDs relatively uniformly. However, there is no clue it is single QD. 
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7.4.3 Functionalized gold-QD binding method 

To overcome previous two methods, I needed more controllable and repeatable method 

locating QDs onto the exact position as well as sorting a single QD, not multiple aggregated QDs. 

The method discussed in this chapter offers exact positioning with EBL overlay technique 

discussed in previous chapter and single QD sorting by chemical functionalization.  

 

 

Figure 7.40. Fabrication process of single QD binding with functionalization on gold. (a) Normal 

EBL process and gold deposition (b) MUA treatment (c) EDC coupling treatment (d) QDs 

binding to EDC coupled MUA (e) The final structure of single QDs coupled gold bar (1 EBL) (f) 

The final structure of selectively postioned single QDs coupled gold bar (2 EBLs) 

 

In order to achieve this precise single QD lithography, I used EBL overlay process twice together 

with selective chemical functionalization of predefined areas by EBL. I used core-shell 

(CdSeTe/ZnS) quantum dots with a polymer coating (Invitrogen, QD amine-800 ITK). Normal 

EBL process defines the structures on an ITO coated glass substrate, formed by subsequent 

electron beam evaporation of 2nm Cr and 30nm Au layer. If the entire gold structure needs 

single QDs deposition on top, QD method is followed. (Figure) If the selective area of gold 

structure needs single QDs, lift-off is first executed and second EBL process is followed to 
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define the area where QDs will connected only. For chemistry part, the sample is soaked in 

mercapto-undecanoic acid (MUA) diluted with ethanol (50ml x 5mM x 10^-6mol/ml x 207g 

=50mg MUA in 50ml 200 proof ethanol) for 48 hours. At this moment, no pH adjustment is 

necessary. Then, activation process with carbodiimide (EDC) for amine type QDs binding is 

followed. EDC is prepared with one capsule (40mg) in 1ml buffer (MES pH 5.2) and the MUA 

treated sample is soaked in EDC solution for 30mins, and then cleaned with buffer solution 

(pH<7.5). Quantum dot is carefully diluted in PBS solution (pH 7-7.5) to optimize the number of 

QDs which prevents aggregation of QDs, this gives single QDs binding. 2ul QDs is diluted 4ml 

and 8ml PBS with sonication for uniformity. Finally, while QDs solution soaks the sample, QDs 

are covalently bound to the MUA functionalized regions. After some minutes, the remaining 

resist is removed by a standard lift-off protocol. As a result, I could estimate that the distance 

between the outer surface of the QD shell and the metal is around 6 nm, sufficient to avoid 

luminescence quenching and to provide efficient coupling. 

 

 

Figure 7.41. SEM images of QDs lithography. (a) Single QDs on bar array (b) Single QDs on 

split ring resonator (SRR) array 

 

Figure 7.41 is the result of fabricated samples. 7.41 (a) is single gold bar array with 1.5um pitch 

between each bar. 7.41 (b) is single SRR array with 2um pitch. Both samples show uniformly 

bright structure comparing background on the quartz substrate. Even though some residues of 

QDs are shown on the substrate, the contrast between the substrate and the structure is very high. 

To check the quality and the performance whether they are single QDs or aggregated multiple 

QDs, optical measurement and characterization are followed. 532nm laser in 30mW is used for 

pumping the structure and 100x 1.4NA oil immersion objective is used for capturing images. 

Radiation patterns are obtained as shown in Figure 7.42 and 7.42. Bar array has 58% contrast 

ratio which confirms the single QDs quality to emit the light along dipole direction. SRR array 

has 80% contrast ratio to confirm the quadruple structure. 
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Figure 7.42. Measurement result of single gold bar array with single QDs 

 

 

Figure 7.43. Measurement result of single gold SRR array with single QDs 

 

In summary, controllable QDs positioning as a lithographic method and confirmable single 

QD sorting techniques is shown in this chapter. This technique will integrate current 

metamaterials and plasmonic structures to enhance emitting performance and other practical 

applications such as display and light source technology [207, 208]. 
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Chapter 8 Conclusion 

 

Conclusion 

As nanoscience and nanotechnology have developed significantly for the last several 

decades, controlling and manipulating light beyond the diffraction limit cannot be over-

emphasized in the field of optics and photonics. Also, achieving smaller devices with faster 

performance has been a key area in electronics and computer science. The invention of 

metamaterials has greatly supported the realization of dreams and science fiction with 

unprecedented phenomena such as negative refraction of light and invisibility cloaking. 

This dissertation focuses on efforts to control and manipulate light beyond the diffraction 

limit based on developing novel multi-functional nanoscale materials and devices using the 

concept of metamaterials. These materials show extraordinary optical properties such as 

unbounded wavevector access for propagating and confining sub-diffraction light very efficiently, 

switchable negative refractive index and high-resolution/high-throughput nanolithography. 

Based on the development of such materials and devices, I made a significant effort to control 

and manipulate the light beyond diffraction limit. 

After a brief introduction of materials science, the fundamentals of metamaterials, 

plasmonics, and basic electromagnetism including dispersion relations, permittivity and 

permeability, and Snell’s law are presented in the first chapter. In chapter 2-4, I discussed the 

fundamental physics of hyperbolic metamaterials and applications. with a  very strongly 

anisotropic and controllable dispersion relation, unique applications are introduced in each 

chapter. Chapter 2 showed theoretical studies of hyperbolic metamaterials, which are essential to 

understanding hyperbolic dispersion and allowing further design of metamaterial devices. 

Chapter 3 focused on the experimental demonstration of spherical hyperlens for two dimensional 

real-time super-resolution imaging beyond the diffraction limit at visible frequencies. Chapter 4 

presented another hyperbolic metamaterial application of an optical cavity which is scaled down 

to far smaller than the diffraction limit and achieved confinement of light into truly nanometer 

dimensions. Chapter 5 and chapter 6 covered different types of metamaterials, including 

fundamentals and applications. In chapter 5, a novel switching device of negative refractive 

index by light is demonstrated experimentally. Chapter 6 discussed not only a new metamaterial 

application called a metasurface, which allows unprecedented properties such as strong spin hall 

effect observation, but also plasmonic and metamaterial assisted super-resolution flying head 

nanolithography for overcoming current resolution and throughput limitations of lithography. 

Chapter 7 is dedicated to the nanoscale fabrication techniques. The details of the fabrication 

processes of the devices described in this thesis and the details of recipes are provided. Also, 

useful nanofabrication techniques are introduced for metamaterials and plasmonics research. 

In spite of great development of science and technology, there are still many undiscovered 

things waiting to be unveiled. Obviously, the more we discover new things, the more new 

possibilities are revealed. I am very pleased to be a part of discovering exciting science and 

technology, and I am confident that I will be the heart of further advances in science and 

technology that will contribute to the world. 
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