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Abstract 

Design and Fabrication of Optical Metamaterials and Their Nano Manufacturing Methods 

by 

Yong-Shik Park 

Doctor of Philosophy in Engineering - Mechanical Engineering 

University of California, Berkeley 

Professor Xiang Zhang, Chair 

Metamaterials have opened a new field of optics in science and engineering. Negative 

refraction has been achieved by manipulating permittivity and permeability to be negative using 

the combination of SRRs (split ring resonators) and metal wires and the fishnet structure. 

However, the fishnet design suffers two significant disadvantages: anisotropy and scalability. 

The fishnet metamaterial needs a specific polarization direction because of the limitations of 

anisotropic design. In addition, the conventional projection photolithography approach to 

nanoscale manufacturing is facing possibly insurmountable challenges in economically 

producing the next generation of semi-conductor integrated circuits. Maskless nanolithography is 

a potentially agile and cost effective approach, but most of the current solutions have 

throughputs that are too low for viable manufacturing purposes. This dissertation presents novel 

isotropic and chiral metamaterials as well as a plasmonic lithography approach to mass 

metamaterial manufacturing. 

This dissertation reports two new designs of metamaterial which have a negative index of 

refraction and overcome the disadvantage of conventional metamaterials. The design of a chiral 

metamaterial is proposed, fabricated, and measured to prove negative index of refraction. 

Furthermore, a tunable chiral metamaterial is proposed, which is able to switch left and right 

circular polarized light dynamically by an external control beam. Also shifted bars and rings 

create a negative refractive metamaterial which is isotropic and randomly distributed. In this 

thesis, two shifted rings structure are proved to have a negative index of refraction independent 

of the direction of polarized light or without polarization. Beside applications of negative 

refraction, other applications are studied. The split ring resonator is one of the basic structures of 

metamaterial and this structure can be used to measure mode volume and single molecule 

detection by far field method. 

For the nano manufacturing method, using the plasmonic nanolithography (PNL) approach, 

22-nm half-pitch direct pattern writing was successfully demonstrated using ultra-fast laser 

assisted nanoscale heat management and advanced plasmonic airbearing flying head designs. In 

addition, the details of micro and nano fabrication methods  are introduced and they cover all of 

the structures proposed in this thesis. 
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Chapter 1 Introduction 
 

1.1  Introduction to metamaterial 

1.1.1 Fundamentals of metamaterial 

In the 1960‟s, Veselago showed the feasibility of a media characterized by a simultaneously 

negative permittivity and permeability[1] and it is allowed by Maxwell‟s equations and that 

plane waves propagating inside them could be described by an electric field intensity vector E, 

magnetic field vector H, and wavevector for 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, and accordingly labeled theses materials left-handed media (LHM) and 

right-handed triplet media (RHM), respectively. The two arrangements are shown in Fig. 1. 1. 

Although E, H, and k form a left-handed triplet, E, H, and the Poynting vector S maintain a right-

handed relationship. Therefore, the wavevector k in LHM is the other direction of the Poynting 

vector S. It is described as the backward wave by Veselago. For this reason, the term „backward 

wave‟ is used to describe left-handed media [2]. What is remarkable in Veselago‟s work is that 

two or three dimensional isotropic and homogeneous media supporting backwards waves ought 

to be characterized by a negative refractive index, which is defined by taking the negative branch 

of the square root in the definition,       . Consequently, when such media are interfaced 

with conventional dielectrics, Snell‟s law is reversed, leading to the negative refraction of an 

incident electromagnetic plane wave, Such a material, in realized form, could appropriately be 

called a metamaterial, where the prefix meta, Greek for „beyond‟ or „after‟, suggests that is 

possesses properties that transcend those available in nature[3]. 

       

(a) RHM                                         (b) LHM 

Fig. 1. 1: Orientation of field quantities E, H, Poynting vector S, and wavevector k is right-

handed media (RHM) and left-handed media (LHM) 
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1.1.2 Negative refraction 

Through the idea of phase matching, negative refraction can be understood. To illustrate, 

consider the two-medium interface of Fig. 1. 2, where medium 1 (M1) is an RHM and medium 2 

(M2) is unspecified for the moment.  A plane wave originating in M1 is incident of the interface 

with wavevector k1, and it establishes a refracted wave in M2 with wavevector k2 such that their 

tangential components k1t and k2t are equal, according to the conservation of the wave 

momentum. Having specified the tangential components, we immediately recognize that there 

are two possibilities for the normal component of k2: the first case, in which k2 is directed away 

from the interface, and the second case, usually describing reflected waves, in which k2 is 

directed towards the interface. There two cases are represented as Case 1 and Case 2 in Fig. 1. 2. 

By the conservation of energy, the normal components of the Poynting vectors S1 and S2 must 

remain in the positive x-direction through both media. Thus, Case 1 depicts the usual situation in 

which M2 is a conventional positive index medium; however, if M2 is a medium supporting 

propagating backward waves (LHM), then the wavevector k2 must be directed oppositely to the 

Poynting vector S2. Therefore, refraction in media that support backward waves must be 

described by the second case, in which power is propagated along the direction of phase advance, 

and so is directed through a negative angle of refraction. Thus, M2 can be seen to possess an 

effectively negative refractive index [3]. 

 

 

Fig. 1. 2: Refraction at a two-medium interface as determined by phase matching. The support of 

backward waves by an LHM insists on negative refraction (Case 2). 
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1.1.3 Negative permittivity and permeability 

While one often describes a material by some constant (frequency-independent) value of the 

permittivity and permeability, in reality all material properties are frequency dependent. There 

are several material models that have been constructed to describe the frequency response of 

material. Because the magnetic field of an electromagnetic wave is smaller than its electric field 

by the wave impedance of the medium in which it is propagating, one generally focuses attention 

on how the electron motion in the presence of the nucleus and, hence, the baseic dipole moment 

of this system are changed by the electric field. Understanding this behavior leads to a model of 

the electric susceptibility of the medium and, hence, its permittivity. On the other hand, there are 

many media for magnetic response of a material in a fashion completely dual to that of the 

electric field using the magnetic susceptibility and, hence, its permeability. While the magnetic 

dipoles physically arise from moments associated with current loops, they can be described 

mathematically by magnetic charge and current analogs of the electric cases. 

One of the most well-known material models is the Lorentz model. It is derived by a 

description of the electron motion in terms of a driven, damped harmonic oscillator. To simplify 

the description, it is assumed that the charges are allowed to move in the same direction as the 

electric field. The Lorentz model then describes the temporal response of a component of the 

polarization field of the medium to the same component of the electric field as (1.1). 

iLiiLi EPP
dt
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      (1.1) 

The first term on the left accounts for the acceleration of the charges, the second accounts for the 

damping mechanisms of the system with damping coefficient  , and the third accounts for the 

restoring forces with the characteristic frequency         . The driving term exhibits a 

coupling coefficient   . The response in the frequency domain, assuming the engineering 

           time dependence, is given by the expression as (1.2). 
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With small loss 
  

  
   , the response is clearly resonant at the natural frequency   . The 

polarization and electric fields are related to the electric susceptibility as (1.3). 
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The permittivity is then obtained immediately as                                . 

 

There are several well-know special cases of the Lorentz model. When the acceleration term 

is small in comparison to the others, one obtains the Debye model as (1.4). 
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When the restoring force is negligible, one obtains the Drude model as (1.5). 
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where the coupling coefficient is generally represented by the plasma frequency      
 . In all 

of these models, the high-frequency limit reduces the permittivity to that of free space. 

Assuming that the coupling coefficient is positive, then only the Lorentz and the Drude 

models can produce negative permittivity. Because the Lorentz model is resonant, the real part of 

the susceptibility and, hence, that of the permittivity become negative in a narrow frequency 

region immediately above the resonance. On the other hand, the Drude model can yield a 

negative real part of the permittivity over a wide spectral range, that is, for      
    

 . 

Similar magnetic response models follow immediately. The corresponding magnetization 

field components    and the magnetic susceptibility    equations are obtained from the 

polarization and electric susceptibility expressions with the replacement     ,         . 

The permeability is given as                   [4]. 

To have negative refraction, the values of permittivity and permeability should be both 

negative so that the metamaterial has to be designed carefully to share the frequency. These 

metamaterial were demonstrated by Smith and Schultz[5] at the first time in microwave 

frequency, and Valentine et al. demonstrated the structure in optical frequency[6].  
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1.1.4 Chiral metamaterial 

A chiral medium is composed of particles that cannot be superimposed on their mirror 

images [7]. A chiral medium has different responses for a left circularly polarized (LCP) wave 

and a right circularly polarized (RCP) wave due to the intrinsic chiral asymmetry of the medium. 

Also, there is cross-coupling between the electric field and magnetic field going through a chiral 

medium. A dimensionless chirality parameter   is used to describe this cross-coupling effect. 

The refractive indices of RCP and LCP waves become different due to the existence of   .  

In 2003, Tretyakov et al [8] discussed the possibility of realizing negative refraction by 

chiral nihility. The authors first proposed the idea to fabricate a metamaterial composed of chiral 

particles, such as helical wires. To get negative refraction for one of the circular polarizations,   
needs to be larger than    . In natural materials such as quartz and sugar solutions,   is 

generally much smaller than 1, while     is generally larger than 1, so negative refraction is not 

possible in natural chiral materials. However, with chiral metamaterials, the macroscopic 

parameters can be designed. The idea of chiral nihility is that, when   and   of a chiral medium 

are small and very close to zero, the chirality can make the refractive index for one circular 

polarization to become negative, even when   is small. 

The metamaterial based on chiral nihility is a special case of chiral metamaterials. In 2004, 

Pendry [9] discussed in general the possibility to achieve negative refraction in chiral 

metamaterials. He analyzed the conditions to realize negative refraction in chiral metamaterials 

and showed that they are simpler than for regular metamaterials, which require both electric and 

magnetic resonances to have negative   and negative  . In chiral metamaterials, neither   nor   
needs to be negative. As long as the chiral parameter   is large enough, negative refraction can 

be obtained in chiral metamaterials. Pendry then proposed a practical model of a chiral 

metamaterial working in the microwave regime with twisted Swiss rolls as elemental structures. 

Chiral media belong to a wider range of bi-isotropic (BI) media. BI media [7] are 

characterized by the following constitutive relations as (1.6) and (1.7). 

HiED


000 )(         (1.6) 

EiHB


000 )(         (1.7) 

Depending on the values of   and  , the BI media are classified various, but the reciprocal 

chiral medium is defined by reciprocal    , and chiral    . 

Consider the plane wave propagation in an isotropic chiral medium. Combining the above 

constitutive relations with      and the frequency-domain source-free Maxwell‟s equations, 

the following wave equation can be obtained for the electric field E: 
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where k is the wavevector in the chiral medium,        is the free-space wavevector and 

  
 

     
 is the speed of light in vacuum. 

For simplicity, and without loss of generality, we assume      . Then the wave equation is 

simplified and k is solved: 

)(0   kk      (1.10) 

where       is the index of refraction of the medium without chirality. From this equation we 

can write the chiral parameter as   as   
     

   
. 

The eigenvectors, or the allowed solutions of plane waves in the chiral medium, can then be 

obtained from                    
   . Then we get the following relations: 
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Therefore, the wavevector solution k+ corresponds to the eigenvector of the RCP wave and 

k− corresponds to the eigenvector of the LCP wave. Here the handedness is defined as seen from 

the source, or as looking in the direction of propagation. Define the index of refraction of 

RCP/LCP waves as n±: then from the relation, the index can be obtained as (1.12). 

  
 n

k

k
n

0

    (1.12) 

The polarization plane of a linearly polarized light will rotate when it passes through a chiral 

medium. Due to the chiral nature of the medium and the circularly polarized waves, the LCP and 

RCP light interacts with the particles of the chiral medium differently. This causes the difference 

in absorption and distortion of the two polarizations going through the medium, which is called 

circular dichroism. Since the impedance of the chiral medium is the same for the two different 

polarizations, the reflections of the two polarizations are the same [10]. 

 

1.1.5 Parameter retrieval of chiral media 

Parameter retrieval is the procedure of obtaining the macroscopic parameters of a medium 

based on the transmission and reflection coefficients (S parameters) from a planar slab of this 

medium. For a homogeneous material, ,   and the refractive index n are intrinsic properties of 

the material and are irrelevant to the thickness of the slab. Thus one can choose a slab as thin as 

possible to do the measurements, and thus obtain the parameters without ambiguity.  However, 

for a metamaterial slab, the structures are inhomogeneous and the smallest slab thickness is 

limited by the unit cell size of the metamaterial [11,12,13]. 

For a chiral slab, the retrieval process is generally the same as regular metamaterials, but a 

little more complicated. The refractive indices for the two eigensolutions (RCP and LCP waves) 

need to be calculated [14]. Consider a circularly polarized plane wave normally incident upon a 
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homogeneous one-dimensional (1D) chiral slab of thickness d in vacuum, with refractive index 

n± and impedance Z for RCP/LCP waves as Fig. 1. 3. The incident wavevector k0 is in the z 

direction and the wavevector in the chiral slab for the RCP/LCP wave is k±. The electric and 

magnetic field vectors are all tangential to the interfaces in this scenario. 

 

  

Fig. 1. 3: The transmission and reflection coefficients of a plane wave incident upon a chiral slab 

from the left 

 

Suppose the incident RCP/LCP electric field has unit amplitude, the reflection coefficient is 

given by R± and the transmission coefficient after the second interface is given by T±. 

Multireflection happens inside the chiral slab and the transmitting and reflecting waves inside the 

chiral slab are represented by coefficients T± and R± for RCP and LCP waves as Fig. 1. 3. Note 

that the polarization state is reversed after reflection. Define normalized impedance of the chiral 

slab as       , where           is the free-space impedance. 

The tangential electric field and magnetic field are continuous at the first interface (x = 0): 


 RTR1        (1.13) 

z

RT
R 



1        (1.14) 

Similarly at the second interface (x = d): 
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Note that          , we can get the transmission and reflection coefficients from the 

above equations: 
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R+ and R− are equal since the impedance for RCP and LCP waves is the same. If we denote 

T and R as the transmission and reflection coefficients for the   = 0 medium, we have 

RR         (1.19) 

dki
TeT 0

         (1.20) 

The impedance and refractive index can be calculated from the above coefficients: 
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where m can be any integer. 

The sign of the square root in equation (1.21) and the multi-branches in equation (1.22) need 

to be chosen carefully according to the energy conservation principle, i.e. the real part of 

impedance z must be positive, as well as the imaginary part of n. 

Once z and n± are fixed, the other parameters can be identified subsequently as (1.23) and 

(1.24). 

2

 
nn

n        (1.23) 
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nn

        (1.24) 

Therefore, negative refraction in chiral metamaterial can be achieved by the parameter   

though the permittivity and permeability are not both zero without frequency matching unlike the 

conventional LHM [10]. 
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1.2  Introduction to Surface Plasmon Lithography 

1.2.1 Fundamental Physics of Surface Plasmon 

Surface plasmons (SPs) are essentially electromagnetic waves trapped at a metallic surface 

through their interaction with the free electrons of the metal as schematically illustrated in Fig. 1. 

4. 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 

[15,16,17,18,19]. The observed far-field transmission through a silver hole 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, 

numerous researches were focusing on the underlying physics and applications of SPs. The use 

of SPs opens up the potential in nanoscale optical spectroscopy [20], surface-enhanced 

spectroscopy, surface plasmon resonance sensing [21,22], and nanolithography [23,24]. 

The SP dispersion relation can be derived as below. Consider a plane surface of a semi-

infinite metal with the dielectric constant      
     

 , adjacent to a dielectric medium with the 

dielectric constant   : 
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Therefore, the dispersion relation can be written as: [24] 
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If   
     

   is assumed,  a complex      
     

   can be obtained with (1.28). 
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For real   
 , one needs   

   and     
     which can be fulfilled in a metal and also in a 

doped semiconductor near the eigen-frequency;   
  determines the internal absorption. 
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Fig. 1. 4: The charges and the electromagnetic field of SPs propagating on a surface in the x 

direction are shown schematically. 

 

From equation (1.27), the dispersion relation of SPs lies 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 

Fig. 1. 5. Due to the wave vector in z direction is imaginary; SPs are nonradiative 

electromagnetic waves, which 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 potential of high-resolution imaging / lithography 

at the length scale beyond the diffraction limit. 

 

Fig. 1. 5: The SP dispersion relation. The dotted line represents the light line where the SP 

dispersion curve always lies right of the light line. 
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To excite SPs using light, the momentum mismatch between the excitation light and the SPs 

has to be compensated. 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 (ATR) coupler, 

are used to match the momentum mismatch, 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. Fig. 1. 6 shows the coupling mechanism of a grating coupler. When 

the wave-vector is matched as shown in the equation (1.29), the surface plasmons waves can be 

resonantly excited using light excitation. kin is the incident wave-vector of the light and G is the 

multiples of 2π/a where a is the period of the structure. 

a
nkGkk ininsp

2
   (n: integer)    (1.29) 

 

 

Fig. 1. 6: Momentum matching through the use of grating coupler 
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1.2.2 Plasmonic Nearfield Lithography 

Nearfield scanning optical microscopy (NSOM) is based on AFM(Atomic Force 

Microscopy) technology and uses a scanning probe to scan in the nearfield of the sample and this 

has been applied extensively in the studies of biology, material science, and data storage. In spite 

of NSOM‟s capability of a resolution beyond the diffraction limit of the light, its applications are 

somewhat limited by the strong attenuation of the light transmitted through the sub wavelength 

aperture because of the characteristics of an evanescent wave, making it inappropriate for the 

applications such as high-speed probing and high-throughput nanolithography. Obviously, a sub 

wavelength optical spot size with high light intensity is very helpful for the aforementioned 

applications. The application of surface plasmon coupling with focusing structures can enhance 

the intensity of transmitted light through a sub-diffraction-limited spot which enables probing the 

sample in the nearfield with high resolution and high efficiency [25].  

To excite surface plasmon from the incident light, a set of grating as Fig. 1. 7 are fabricated 

on a tapered fiber tip over aluminum thin film. The grating‟s dimension and period are calculated 

based on additional wavevector to match surface plasmon wavevector with the incident light 

wavevector and the constructive interference at the center aperture. 

 

 

 

Fig. 1. 7: Tip side view and cross-sectional view of geometry ((a) and (b)) and simulated 

intensity of the nearfield ((c) and (d)) of the plasmonic structures. The scale bars is 500nm. 
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The following 3-D simulation result  which is calculated by CST Microwave Studio shows 

the optical field intensity of the plasmonic structures normalized to the intensity without rings as 

Fig. 1. 7. The peak enhancement factor of about 36 is observed at 365nm, which is exactly our 

designed UV wavelength. The cross-sectional view of the intensity profile at the plane near the 

aperture shows a very good field confinement with a spot size of ~100nm along the x direction 

and ~85nm in the y direction. This asymmetry produced by the symmetric structure is due to the 

horizontal polarization of the incident light.  

As shown in Fig. 1. 8, this plasmonic NSOM can also be used in nanolithography 

applications. During the lithography process, a laser beam at the wavelength of 365nm was 

coupled into the NSOM plasmonic tip to expose a positive photoresist. A best pattern linewidth 

of 80 nm was demonstrated. Similar exposure results through the tip without the plasmonic 

structures were only obtained by using 10 times higher input power.  

This NSOM based approach allows us to utilize a light source with longer wavelength to do 

nanolithography. However, it still cannot overcome the limitation of scanning probe based 

lithography approaches due to its slow scanning speed. In order to meet the requirement of real 

world applications, the scanning speed needs to be at least one million times faster.  

 

 

 

Fig. 1. 8: The configuration of nearfield lithography and AFM image of the photoresist after 

near-field scanning exposure using the plasmonic structures 
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1.3   Dissertation Organization 

This dissertation is focusing on designs and fabrications of metamaterial and also nanoscale 

manufacturing method. Metamaterial parts contain the applications from microscale for THz to 

nanoscale for infrared, especially the fabrications are emphasized to realize them. Surface 

plasmon lithography part contains the fundamental techniques to achieve next generation high 

resolution lithography method. 

This dissertation is composed of 7 chapters. The first chapter provides the background of 

this dissertation which contains the fundamental of metamaterial like definition of negative 

permittivity, permeability, and refraction. Also, the basic information of surface plasmon 

lithography is followed. 

Chapter 2 describes THz chiral metamaterial which can achieve negative refraction without 

matching negative values of both permittivity and permeability. This chapter provides the design, 

fabrication, and experimental results of the world‟s first demonstration of chiral metamaterial 

and, switchable chiral metamaterial which can change chirality dynamically based on the first 

design. 

Chapter 3 is dedicated to the design, fabrication, and experimental results of asymmetric 

isotropic metamaterial which accomplished to have negative refraction independent to the 

direction of polarization by controlling symmetry of the structures. In addition, it is shown that 

random distributed structure can represent negative refraction beyond any research in 

metamaterial. 

Chapter 4 describes three different applications of metamaterial. The first topic is the 

method to measure a mode volume by a far field method and the second topic is detection of a 

single molecule by far field measurement using split ring resonator. This chapter informs that 

metamaterial has variety of applications as well as negative refraction. 

Chapter 5 focuses on surface plasmon lithography which can overcome beyond diffraction 

limit for high resolution maskless lithography method. This chapter covers the designs and 

fabrications of each key component i.e. air bearing slider, surface plasmonic lens, and disk, and 

experimental results.  

Chapter 6 is dedicated to show the details of the fabrication processes which are used in the 

topics of this dissertation. The purpose of each process and the recipes are provided. This chapter 

provides from microscale fabrication method for THz chiral metamaterial to nanoscale 

fabrication methods for asymmetric isotropic metamaterial and other applications. 

Finally, Chapter 7 summarizes the work in this dissertation and discusses the potential of 

metamaterial and surface plasmon lithography from a view of nano-manufacturing in future 

applications. 
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Chapter 2 Chiral Metamaterial 
 

2.1  Terahertz Chiral Negative-Index-Metamaterials 

2.1.1 Background 

Terahertz is a unique frequency range with many important applications such as security 

detection and gas phase molecule sensing [26]. However, the devices for manipulating the 

terahertz wave are considerably limited. Consequently, the development of artificial materials 

with unusual optical properties at this frequency region is especially important. The recent 

development in metamaterial research has led to the achievement of devices with unusual optical 

functionalities at terahertz frequencies. [27, 28, 29, 30, 31] The realization of NIM(Negative 

Index Metamaterial)s in the terahertz regime may lead to discoveries of new physics and novel 

applications. Recently, a chiral route to achieve negative refraction has been proposed. [32] This 

approach brings great robustness to the design of NIMs since the same structure offers both 

electric and magnetic resonances at the same frequency; in addition, negative refractive index 

can be realized without the requirement of simultaneous negative permittivity and permeability 

due to the presence of strong chirality. Interestingly, chiral metamaterial can be designed such 

that the negative refraction works only for one circularly polarized wave, while for the other 

circular polarization the index is positive. This gives rise to some interesting phenomena that 

normal NIMs do not exhibit, such as negative reflection for circularly polarized wave incident on 

a mirror embedded in such a medium [33]. Especially, in the special case where two circularly 

polarized waves having refractive indices of the same amplitude and opposite signs, the light 

incident on the mirror would be reflected back at exactly the same direction. This resembles the 

phenomenon of time reversal similar to the case of light reflected from a phase conjugate mirror, 

but without involving nonlinearity. [34]  

 

2.1.2 Design of THz Chiral Metamaterial 

Various designs for chiral negative index metamaterial have been proposed recently.[31,35, 

36] However, due to the complexity of the 3D metamaterial geometry, experimental realizations 

of these chiral NIMs at the terahertz and optical frequencies have not been available yet. 

Although metamaterials with considerable optical activity were recently demonstrated at the 

microwave and optical frequencies using a simplified multilayer planar design, but no evidence 

of negative refractive index has been shown in these works.[37,38] Here, we design and 

experimentally demonstrate a chiral metamaterial operating in the terahertz region which 

exhibits a huge chirality and negative refractive index for circularly polarized waves. The 

schematic of a single chiral element is shown in Fig. 2. 1 (a). The metallic chiral structure is 

equivalent to a micro sized inductor-capacitor (LC) resonant circuit, with the inductor formed by 

the loop and the capacitor formed between the two bottom metal strips. Oscillating current 

flowing through the metal loop can be excited by either an electric field across the gap or a 

magnetic field perpendicular to the loop, which in turn generate strong electric and magnetic 

responses. [39] Therefore, this structure can be considered as the combination of an electric 

dipole and a magnetic dipole, as indicated in Fig. 2. 1(b). Since the electric and magnetic dipoles 
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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 (~30o), a 

strong chiral behavior is expected.  

 

  

 

 

 

 

 

 

Fig. 2. 1: (a) The schematic of the chiral structure, with some of the dimensions indicated in the 

figure: L =18m, h=5m, r=1.6m, w=4.4m, g=2.3m. The thicknesses of the bottom gold 

strips and the top gold bridge are 0.6 and 0.3 m, respectively. (b) The top view of the chiral 

structure, which functions effectively as an electric dipole and a magnetic dipole forming an 

angle =29.2
o
.  

 

 

2.1.3 Fabrication 

A number of fabrication methods have been employed to realize complicated three 

dimensional structures in the micrometer and even nanometer scales, such as micro-stereo 

lithography and two photon lithography.[36, 40, 41] However, from the manufacture point of 

view, planar micro-fabrication processes would be highly desired. In this work, we have 

fabricated large scale (2cm by 2cm) chiral metamaterials using standard semiconductor 

processing technologies. The fabrication procedure is as follows. First, a thin layer of thermal 

silicon dioxide is deposited on a silicon substrate with very low doping level, followed by metal 

sputtering of aluminum with 600nm, which will later serve as the electrode for electroplating 

process. [Fig. 2. 2(a)] Optical lithography and liftoff were carried out to deposit parallel metal of 

gold strip pairs on top of the aluminum layer.[Fig. 2. 2 (b)] To ensure that the chiral medium has 

an eigen-mode of circularly polarization for normal incident waves, the strip pairs are arranged 

with a fourfold rotational symmetry within the unit cell. For the lift off process, Microchem 

LOR10A and Shipley S1818 were used to have vertical negative angle of resists. This prevents 

side wall deposition and results in accurate dimensions of strips. SOG(Spin-on-glass) was then 

spun and thermally cured onto the sample to protect aluminum surface because aluminum is easy 

to be damaged by following chemicals. Optical lithography, oxygen RIE etch are following to 

open the area of pillars. A sacrificial SU8 layer was then spun onto the sample, followed by 

lithography and plasma RIE etching to define holes and match its thickness in the sacrificial 
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layer on top of the metal strips. [Fig. 2. 2 (c)] Next, gold electroplating process was performed to 

deposit metal inside the holes, resulting in gold pillars with a height of approximately 5 m. [Fig. 

2. 2 (d)] Optical lithography and liftoff step were carried out again to form the gold bridge 

connecting the gold pillars. [Fig. 2. 2 (e)] The sacrificial SU8 layer was then removed using 

oxygen plasma reactive ion etching, and the SOG and exposed aluminum were selectively etched 

away using a wet etching process, resulting in the final chiral metamaterial [Fig. 2. 2 (f)], with a 

total patterned area about 2cm by 2cm. The SEM images of the structure are shown in Fig. 2. 2 

(g) and (h). The details of each process including recipe is introduced in chapter 6.1.1. 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. [42] 

 

 

Fig. 2. 2  (a)-(f): the schematics of the fabricaton procedures for the chiral metamaterials. (g), (h): 

the SEM images of the chiral metamaterials at tilted angle. The size of the unit cell is 40 m by 

40 m. The scale bars in (g) and (h) represent 100 m and 20 m respectively. 
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2.1.4 Experiment  

In order to obtain the transmission amplitude and phase, terahertz-time domain spectroscopy 

(THz-TDS) was carried out, as shown in Fig. 2. 3 (a) [43,44].The sample is placed midway 

between the transmitter and receiver modules at the waist of terahertz beam. Two free standing 

metal wire polarizers were employed, one in front of and one after the sample to characterize the 

transmission of the same polarization state as that of the incident wave t1 (P1//P2) and that of the 

perpendicular polarization state t2 (P1P2). The complex coefficients for the transmissions can 

be obtained by taking the Fourier transform of the time signal, which is calibrated over a bare 

silicon wafer. Care was taken for the extraction of the phase information since the reference 

silicon wafer has slightly different thickness from the substrate on which the chiral metamaterials 

were fabricated. Consequently, instead of the absolute transmission phase, relative phases which 

solely represent the resonance feature were derived from the measurements. Due to the four fold 

rotational symmetry of the sample, the transmission properties of the sample do not rely on the 

orientation of the sample, which was confirmed by the measurements. For left and right 

circularly polarized beams tL and tR can be inferred by,  
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Fig. 2. 3: The time domain terahertz spectroscopy setup to characterize the transmissions of the 

chiral metamaterials. The photoconductive switch-based THz-TDS system consists of four 

paraboloidal mirrors arranged in an 8-F 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 3.5 mm as well. The THz-TDS system has a usable 

bandwidth of 0.1-4.5 THz (3 mm-67m) and a signal to noise ratio over 4 orders of magnitude. 
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2.1.5 Results and discussion 

The measured transmission amplitudes and phases for t1 and t2, which are calculated by 

taking a Fourier transform of the signal in the time domain, are shown in Fig. 2. 4. A resonance 

occurs around 1 THz, exhibiting a dip in t1 and a peak in t2, indicating a strong chiral behavior 

that leads to conversion of a large portion of the energy to polarization perpendicular to that of 

the incident wave. The resonance is accompanied by a steep slope in the relative phases of the 

transmissions. Using equation (2.1), the transmission for left circular polarized beam (LCP) and 

right circularly polarized beam (RCP) are derived and shown in  Fig. 2. 4 (c) and (d). The 

resonance for LCP shows a much more pronounced feature than that of RCP. At the resonance, 

the dip of LCP transmission almost approaches zero (<2%), which indicates that a beam with a 

linear polarization transmitting through the sample would be largely converted into a RCP. 

Therefore, this chiral metamaterial can be used as an effective circular polarization filter at the 

terahertz frequencies. 

 

Fig. 2. 4: The time-domain terahertz measurements of the chiral metamaterials. (a) The 

amplitudes of transmission t1 and t2 for the polarizer P2 parallel to P1 (black curve) and P2 

perpendicular to P1 (red curve), respectively. (b) The relative phases of transmission t1 (black) 

and t2 (red).  (c) The derived transmission amplitudes for left handed (black) and right handed 

circularly polarized waves (red). (d) The derived relative transmission phases for left handed 

(black) and right handed circularly polarized waves (red).  

 

To investigate into the effective optical properties of the chiral metamaterial, a full wave 

simulation using a commercial time domain simulation (CST Microwave Studio) was carried out. 

The simulated transmission amplitudes and relative phases are shown in Fig. 2. 5 (a)-(d), which 

match well with the measured transmission amplitudes and relative phases in Fig. 2. 4. The 

refractive index is then extracted based on the simulation results by solving the Fresnel‟s 
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equation and taking into account the substrate.  The effective indices for both LCP and RCP are 

shown in Fig. 2. 5(e). The refractive index for the left handed wave shows a strong modulation at 

the resonance frequency, and reaches negative values over the frequency range between 1 to 1.3 

THz, with a minimum index below -5. This, to the best of our knowledge, is the first 

demonstration of negative index chiral material in the terahertz and above. On the other hand, the 

refractive index for the right handed wave shows very small modulation at the resonance 

frequency and remains around 4 over the whole frequency range. This is due to the cancellation 

of the resonant feature of refractive index between the contribution from permittivity 

/permeability and that from the chirality. Far from the resonance, the difference between the 

refractive indices of RCP and LCP tends to diminish, verifying the significant role that the 

structural LC resonance plays in achieving the strong chiral behavior. Finally, the effective 

permittivity and permeability are calculated and shown in Fig. 2. 5 (f). Both of them exhibit a 

Lorentzian-like lineshape. While the permittivity reaches negative values at resonance, the 

magnetic resonance is not strong enough to achieve negative permeability. Nevertheless, the 

existence of strong chirality in the metamaterial lifts the requirement for simultaneous negative 

permittivity and permeability.  
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Fig. 2. 5: (a)-(d): the FDTD simulation of the transmission amplitudes and relative phases for the 

chiral metamaterials, with the same color conventions as in Fig. 2. 4. (e) The real part of 

refractive indices for right handed (red) and left handed (blue) circularly polarized waves. (f) The 

real part of effective permittivity (blue) and permeability (red).  

 

 In summary, the first terahertz chiral metamaterials exhibiting very strong circular 

dichroism and opposite signs for the refractive index of the circularly polarized waves around the 

resonance frequency of 1 terahertz has been demonstrated. The fabrication of the sample relies 

on a planar process which combines optical lithography, lift-off and electroplating, and is 

compatible with standard semiconductor process. The layer-by-layer nature of fabrication 

techniques make it possible to manufacture a three dimensional array of the chiral elements, thus 

enabling further investigations of the interesting bulk properties of the terahertz chiral 

metamaterials. The terahertz metamaterials, when combining with the optical or electrical tuning 

techniques, would lead to a terahertz device which can control the polarization of terahertz wave 

dynamically.  

 



22 

 

2.2  Photo-Induced Chirality Switching in Metamolecules 

2.2.1 Background 

Chirality, a terminology defining structures that lack any mirror symmetry planes, is 

ubiquitous in nature, ranging from organic molecules, polymers to crystals such as quartz. 

Chirality is very important in biology and medical sciences since most biomolecules – the 

building blocks of life, are chiral and enantiomerically pure, such as D-saccharides, D-

nucleotides and L-amino acids. Molecules of opposite handednesses, though having the same 

physical and chemical properties, may exhibit dramatically different physiological properties, 

such as odour, receptor binding, and pharmacological effect. In terms of optical properties, it is 

well known that chiral molecules interact differently with light of left handed or right handed 

circular polarizations. This phenomenon has been utilized for detection of the chirality of 

biomolecules, and has found important applications in chemistry and biosciences, such as the 

study of protein structures and determination of conformation and configuration of organic 

molecules [45, 46]. While chirality is important in biochemistry, it has found little applications in 

photonics since the optical activity is usually very weak in natural molecules. Recently, it has 

been shown that unnaturally strong optical activity can be achieved by using artificially 

engineered metametamaterials, ushering a new range of material parameters for controlling 

electromagnetic waves [47, 48, 49, 50]. 

Inducing and switching the chirality of molecules have been intensively studied in chemistry, 

and in particular within the scope of stereochemistry that studies organic molecules with the 

same constituent atoms but different spatial configurations. Chirality of organic molecules can be 

switched by various means, such as optical irradiation [51, 52, 53, 54], electrons tunneling [55], 

electric fields [56] and temperature control [57]. Chirality switching by means of optical 

irradiation 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, or a collective rotation of molecules, induced by external stimuli. Examples are the light-

induced switching through the trans-cis isomerization of azobenzene and its derivatives [58, 59, 

60], and collective change of polar direction and/or tilt angles of molecules as in the case of 

liquid crystals by means of external electric fields. The concept of stereochemistry has been 

recently introduced to metamaterials; the new emerging topic of stereometamaterials investigates 

how the change in spatial configuration of metamolecules induces dramatic change in their 

optical properties [61, 62]. A naive translation of chirality switching from organic molecules to 

metamolecules would be a reconfiguration of the structure of the metamolecule under external 

stimuli. However, this would require a dynamic tunable mechanical system that entails great 

manufacturing complexity. Though mechanically tunable planar metamaterials have been 

demonstrated [63, 64, 65], the structural tuning or twisting of 3D complex chiral metamolecules 

still faces great challenges, not to mention the slow switching speed generally intrinsic to 

mechanical systems. By virtue of great freedom in incorporating active constituent materials, 

such as semiconductors and VO2, into the metamaterial design, researchers have been able to 

dynamically manipulate the electromagnetic properties of metamaterials in real time by optical 

or electrical control [28, 29, 31, 66]. Here it is showed that, through a delicate artifical chiral 

metamolecular design incorporating active medium, it is able to transfer the concept of “chirality 

switching” from organic chemistry to metamaterials without introducing the structural change as 

in stark contrast to that in the case of organic chiral molecules. Because of the dramatically 
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strong switching effect compared to that of organic molecules, it opens new perspectives for 

controlling the polarization states of electromagnetic waves.  

 

2.2.2 Design of THz switchable chiral metamaterial 

The design of the chirality switching metamaterials is illustrated in Fig. 2. 6. It starts from a 

chiral metamaterial design that has recently led to the demonstration of chirality induced 

negative refractive index metamaterials. A single chiral meta-atom exhibits very strong chirality 

at the LC resonance frequency, therefore exhibiting a positive or negative peak in circular 

dichroism depending on the chirality of the structure (Fig. 2. 6 (a)). When two chiral meta-atoms 

of the same shape but different chirality are assembled to form a metamolecule, the mirror 

symmetry is preserved and there is no optical activity. From a different point of view, the optical 

activities arising from these two meta-atoms of opposite chiralities are cancelled by each other. 

The equivalent LC circuit of the metamolecule is shown in Fig. 2. 6 (a), where the metal loops 

functions as inductors and the gap between the metal strips function as capacitors. There exists 

mutual inductance between the two metal loops, which, however, is of no particular interest for 

the investigation of chirality switching functionality in this work. 

Next, a silicon pad is introduced to each chiral meta-atom in the metamolecule, but at 

different locations, as shown in Fig. 2. 6 (b) (left). In one chiral atom (Meta-A), a silicon pad 

replaces part of the base metal strip, and in the other atom (Meta-B), a silicon pad bridges the 

two metal strips. The functions of silicon pads are two folds. They serve to break the mirror 

symmetry and induce chirality for the combined metamolecule, and function as the active 

medium to flip the chirality of the metamolecule under strong optical illumination. For Meta-A, 

the incorporation of silicon pad introduces a reduction of the capacitance of the equivalent LC 

circuit, and therefore shifts the resonance towards higher frequency. Whereas the insertion of the 

silicon bridge for Meta-B has very little effect on the resonance, as silicon has only slightly 

higher permittivity (11.7) than the alumina substrate (10.5). The combined structure – the 

metamolecule, is anticipated to exhibit a representative circular dichroism spectrum in Fig. 2. 6 

(b), where at the original resonance frequency 0, the property of the metamolecule is dominated 

by Meta-B, as the resonance of Meta-A is shifted to a higher frequency. As shown in Fig. 2. 6 (b), 

the equivalent circuit is modified by the introduction of silicon pads, which function as 

optoelectronic switches, leading to an open circuit for Meta-A in the absence of optical 

irradiation.  

Under strong illumination of light with photon energy above the band gap of silicon, free 

carriers are generated which turn the intrinsic silicon pads into conductors (denoted by red areas 

in Fig. 2. 6 (c)), resulting in a red-shifting of resonance frequency of Meta-A to 0 and a 

shortening of the equivalent LC circuit (Fig. 2. 6 (c)) for Meta-B. As a result, the circular 

dichroism will be reversed at electromagnetic frequencies around 0. Notably, the chirality 

switching in the metamaterials does not involve structural reconfiguration, in contrast to its 

natural counterpart.  
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Fig. 2. 6: Schematic of the design of chiral switching metamaterials. (a) an achiral metamolecule 

consisting of two meta-atoms of opposite chiralities, with the corresponding anticipated circular 

dichroism spectra. The equivalent circuit of the metamolecule is shown on the right. (b) Silicon 

pads are incorporated to the metamolecule. The mirror symmetry is broken, and the 

metamolecule exhibits chirality at the resonance frequencies. The silicon pads correspond to the 

switches in the equivalent circuit. (c) Under optical illumination, photo-carriers are generated, 

leading to a switching of chirality in the form of reversed circular dichroism. In the equivalent 

circuit, the switches are closed under the optical illumination.   
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2.2.3 Fabrication 

In this work, large scale (2cm by 2cm) chiral metamaterials have been fabricated using 

standard semiconductor processing technologies. Basically, the design of the structure is same as 

Zhang‟s work [48], but Si pad process is added. The fabrication procedure is as follows. Firstly, 

SOS (Silicon on Sapphire) substrate is used for the substrate and Si pads are patterned and 

followed by metal sputtering of aluminum with 600nm, which will later serve as the electrode for 

electroplating process as Fig. 2. 7 (a). Optical lithography and liftoff were carried out to deposit 

parallel metal of gold strip pairs on top of the aluminum layer as Fig. 2. 7 (b). To ensure that the 

chiral medium has an eigen-mode of circularly polarization for normal incident waves, the strip 

pairs are arranged with a fourfold rotational symmetry within the unit cell. For the lift off process, 

Microchem LOR10A and Shipley S1818 were used to have vertical negative angle of resists. 

This prevents side wall deposition and results in accurate dimensions of strips. SOG(Spin-on-

glass) was then spun and thermally cured onto the sample to protect aluminum surface because 

aluminum is easy to be attached by following chemicals and optical lithography, oxygen RIE 

etch are following to open the area of pillars. A sacrificial SU8 layer was then spun onto the 

sample, followed by lithography and plasma RIE etching to define holes and match its thickness 

in the sacrificial layer on top of the metal strips as Fig. 2. 7 (d). Next, gold electroplating process 

was performed to deposit metal inside the hole, resulting in gold pillars with a height of 

approximately 5 m. [Fig. 2. 7 (e)] Optical lithography and liftoff step were carried out again to 

form the gold bridge connecting the gold pillars as Fig. 2. 7 (h). The sacrificial SU8 layer was 

then removed using oxygen plasma reactive ion etching, and the SOG and exposed aluminum 

were selectively etched away using a wet etching process, resulting in the final chiral 

metamaterial as Fig. 2. 7 (g), with a total patterned area about 2cm by 2cm. The SEM images of 

the structure are shown in Fig. 2. 7 (g) and (h). The details of each process including recipe is 

shown in chapter 6.1.2. 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.  
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Fig. 2. 7:  Fabrication procedures of switchable chiral metamaterial. (a)-(g): the schematics of the 

fabricaton procedures for the chiral metamaterials. (h), (i): the SEM images of the switchable 

chiral metamaterials at tilted angle. 

  



27 

 

2.2.4 Simulation and Experiment Results 

It is first performed full wave simulations on the chiral switching metamaterials using 

commercially available software – CST Microwave Studio. Fig. 2. 8 (a) shows the simulated 

transmission spectra for the two circular polarizations, with and without optical irradiation. In the 

simulation, it has been assumed a photo-conductivity of 5104 for optically irradiated silicon 

which is taken from previous experimental works by some authors of this work. In the absence 

of irradiation, the transmission spectrum of the left (black solid curve) and right (red solid curve) 

handed circular polarizations exhibits a strong resonance feature – reaching a transmission dip 

less than 0.2, at 1.105 and 1.010 THz respectively. These two resonances correspond to the LC 

resonances of Meta-A and Meta-B. With optical irradiation, the resonance of Meta-B is 

dramatically weakened due to the shortening of the LC circuit, and the resonance of Meta-A is 

shifted to a lower frequency around 1.05 THz that is closely aligned with that of Meta-B while 

without irradiation. The resonance of Meta-A is slightly broadened and less pronounced 

compared to that of un-irradiated Meta-B due to the extra ohmic loss introduced by the optically 

doped silicon pad. The ellipticity spectra, defined as )/()( LRLR EEEE  , can be calculated 

from the transmission spectra. As shown in Fig. 2. 8 (b), reversed ellipticity occurs in a broad 

frequency range from 0.84 THz to 1.07 THz, as marked by the shaded region. 

In contrast to the circular dichroism which characterizes the difference in absorption 

between the two circular polarisations, optical rotatory dispersion (ORD) measures the rotation 

angle of the polarization for a linearly polarized incident wave transmitting through a chiral 

medium. ORD arises from the difference in phase velocity between the two circular polarizations. 

As shown by Fig. 2. 8 (c), within the shaded region of reversed ellipticity, the sign of the ORD is 

flipped as well. The polarization states of transmitted wave for a linearly incident beam at three 

characteristic frequencies are shown in Fig. 2. 8 (d-e). The three frequencies correspond to the 

lower frequency bound (f = 0.836 THz), resonance peak (f = 1.011 THz), and the upper 

frequency bound (f = 1.067 THz) of the shaded region of flipped chirality. While the chirality 

switching is represented by a flipping of rotation angle as in Fig. 2. 8 (d, f), it is manifested as an 

inversion of the polarization state from clockwise to counter clock wise at the resonance peak as 

shown in Fig. 2. 8 (e).  
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Fig. 2. 8: Numerical study on chiral switching metamaterials.  (a) the transmission spectra of left 

handed (black) and right handed (red) circular polarizations, without (solid) and with (dashed) 

optical irradiation. (b) The ellipticity calculated from the transmission spectra without (black 

solid) and with pumping (red solid). The shaded area represents the frequency range where the 

circular dichroism is reversed. (c) The optical rotatory dispersion (ORD) without (black solid) 

and with pumping (red solid). (d, e, f) The polarization states of transmission, without (black 

solid) and with (red solid) optical irradiation, for a linearly polarized wave passing through the 

chiral switching metamaterial at 0.836 THz, 1.011 THz and 1.067 THz. 
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It has been measured the transmission spectra of the sample, with and without optical 

pumping, using the time domain THz spectrocopy. The transmission spectra for circular 

polarized waves are shown in Fig. 2. 9(a). The transmission spectra for LH and RH circularly 

polarized waves exhibit resonance dips at frequencies of 1.1 and 1.22 THz, respectively, which 

are both blue shifted compared to the simulation spectra in Fig. 2. 9 (a), possibly due to the 

fabrication tolerance. Under optical illumination, the resonance of Meta-B shows similar 

damping as the simulation. A red-shift (1.21 THz to 1.18 THz) of the resonance frequency for 

Meta-A is observed (black dashed curve), however, the shift is much less than the numerical 

prediction as shown in Fig. 2. 8 (a). It has been performed the experiment at much higher 

irradiation intensities, but no noticeable effect on the resonance shift was observed. This may be 

attributed to the saturation of the carrier density in the silicon pads, which sets an upper limit on 

the achievable conductance under optical irradiation. Nonetheless, chirality switching in the form 

of flipped signs of CD is clearly observed in the frequency range between 1.075 to 1.167 THz, as 

shown by Fig. 2. 9 (b).  It is plotted the characteristic polarization states of transmitted wave of a 

linearly polarized incident beam with and without the pumping, at a frequency of 1.142 THz, in 

Fig. 2. 9 (c). The polarizations of the transmitted waves are elliptical in both cases, but with the 

electric field rotating in opposite directions.  

The ORD spectra of the chiral metamaterials are shown in Fig. 2. 9 (d). Flipped ORD is 

observed in two frequency bands, 0.972-1.096 THz and 1.187-1.237 THz, which, unlike the 

simulation, has almost no overlap with the frequency range of reversed CD. This is due to the 

relatively small shift of resonance frequency of Meta-A under optical irradiation compared to 

simulation.  In the lower frequency band, the ORD is switched from positive to negative under 

optical pumping and vice versa for the high frequency band. Two representative polarization 

states at 1.054 THz and 1.215 THz, one within each frequency band of flipped ORD, are plotted 

in Fig. 2. 9 (e) and (f), respectively. Very large switching of polarization rotation angle, from 

17.7
o
 to -37.3

o
 at 1.054 THz, and from -21.5o to 39o at 1.054 THz, was observed. The switching 

effect is astonishingly strong considering the fact that the terahertz wave only passes through a 

monolayer of metamolecules. 
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Fig. 2. 9: Characterizations of chiral switching metamaterials.  (a) the transmission spectra of left 

handed (black) and right handed (red) circular polarizations, without (solid) and with (dashed) 

optical irradiation. (b) The ellipticity calculated from the transmission spectra without (black 

solid) and with pumping (red solid). The shaded area represents the frequency range where the 

circular dichroism is reversed. (c) The polarization states of transmission for at 1.142 THz. (d) 

The measured optical rotatory dispersion (ORD) (e, f) The polarization states of transmission at 

1.054 THz and 1.215 THz. 
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2.2.5 Summary and discussion 

It has been designed an actively controllable chiral teraherz metamaterials and 

experimentally observed chirality switching in the forms of reversed circular dichroism and 

reversed optical rotatory dispersion. It should be noted that the switching is transient, which will 

restore to its original chiral state in the time scale of milli-seconds determined by the lifetime of 

the optically doped carriers in silicon. With incorporation of active materials such as VO2, the 

flipped chirality state will persist for a much longer period, thus more closely resemble the 

chirality switching in natural molecules. Similar to natural materials, the triggering stimulus of 

chirality switching in metamaterials is not limited to optical means. For instance, if VO2 , which 

exhibits insulator-to-metal phase transition, is used instead of silicon, the chirality switching can 

be triggered by means of applying an electric field, or temperature change, besides optical 

pumping. In addition, since the phase transition in VO2 is hysteretic, chirality switching 

metamaterials incorporating VO2 could be useful for constructing memory devices that interact 

with the polarization states of terahertz waves. Benefitting from the strong switching effect in 

comparison to the natural materials, the chirality switching metamaterials are anticipated to have 

important potential applications for dynamic manipulation of electromagnetic waves. 
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Chapter 3  Asymmetric Isotropic Metamaterial 
 

 

3.1 Symmetry Breaking in 3D and Optical Negative Index with Closed 

Nanorings 

3.1.1 Background 

One and half centuries ago, the theory of diamagnetism was established by Wilhem Weber 

[67] following Faraday. The existence of closed circuits at the molecular level, with electrons 

orbiting around nucleus, led to the conclusion that optical negative permeability with closed 

loops was impossible because the relaxation times associated to magnetic responses are large 

compared to the period of optical waves [68]. Closed rings are however fundamental building 

blocks for magnetic responses but have not been able to provide negative permeability or index 

by themselves, even in micro and nanostructures, owing to their weak diamagnetism [68]. The 

proposal of split ring resonator (SRR) by breaking the structural symmetry of a closed ring has 

allowed strongly polarization dependant and narrow band resonant negative magnetic 

permeability [69]. The combination of SRR with the Drude response from an array of continuous 

metallic wire led to the first negative index material at microwave frequencies, giving birth to the 

rapidly emerging field of metamaterials [1, 5]. The properties of matter are given by atoms and 

their complex organization in space when forming a bulk material. In the past decade, artificial 

metamaterials, through the engineering of each resonator (meta-atom), have given extraordinary 

control over the phase space of electromagnetic properties and enabled unprecedented and 

revolutionary applications [70]. Negative refraction [5], super-lensing [71, 72], electromagnetic 

cloaking [73], toroidal moment [74] and new topological symmetry [75] have been 

experimentally demonstrated. 

An important number of designs have been proposed to scale negative index metamaterials 

down to optical domain, but they are mainly based on either a dual-components approach [5] or 

coupling of waveguides [76]. The first approach mix two meta-atoms with separate contribution 

to the permittivity and the permeability [5, 77, 78, 6], while the second approach used a tight 

coupling between well designed plasmonic waveguides [76]. A recent theoretical effort toward 

3D metamaterials used the latter approach for broad-angle negative index [79]. A waveguide 

interpretation is also possible for the fishnet structure. This structure indeed, guides light in the 

air holes, and wave fronts are not uniform in the transverse direction. The fishnet structure can be 

described by an effective permittivity governed by the cut-off frequency of the waveguide mode 

of the holes [80]. It is believed that strategies based on waveguides can hardly be extended to all 

three dimensions, and thus call for a new strategy based on discretized particles. Others routes to 

negative refractive index include the use of strongly chiral metamaterials [8, 9, 48], but have not 

been experimentally demonstrated at optical frequencies. Negative refraction has also been 

observed without negative index by making use of band folding effect in photonic crystals [81], 

or by using the hyperbolic dispersion in indefinite media [82]. These approaches however miss 

the unique ability of negative index metamaterials to manipulate light at deep sub-wavelength 
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scale. Comparison between closed and split ring resonator have also been used to distinguish 

electric and magnetic responses [39], while the fundamental question of the possibility to achieve 

negative magnetic permeability or directly negative index with discrete closed rings has 

remained. It is indeed believed that negative index cannot be obtained from any arrangement of 

closed rings since their weak diamagnetic response do not allow negative permeability. 

Here, it is demonstrated a new approach for negative index solely based on closed nanorings. 

This is achieved via a subtle symmetry breaking of their arrangement in 3D space in a 

polarization independent “chess metamaterial” instead of opening a gap in the single element 

(only for artificial magnetism and strongly polarization dependent). By propagating femtosecond 

laser pulses in the structure using a Michelson interferometer, negative phase delay is directly 

observed, thus validating our single component strategy. The symmetry control negatively 

couples the nanorings, and leads to an ultra-broad “Fano induced negative index” passband with 

uniform phase fronts in the metamaterial, thus overcoming the waveguide interpretation of 

currents structures. The formation of the passband ranging wavelength from 1.3μm to 2.3μm is 

experimentally observed in a three dimensional structure. 

 

3.1.2 Theory and Design 

Closed metallic nanorings have been so far studied in rather simple configurations as 

plasmonic resonators [83]. We first consider two layers of coupled rings as shown in Fig. 3. 1A. 

The localized mode under consideration is the symmetric dipolar mode with charge distribution 

of the same sign at the inner and outer surface of the ring walls (Fig. 3. 1B). Plasmon interactions 

can be comprehensively described using the analogy with the hybridization of wavefunctions in 

quantum systems [84]. The coupling between plasmonic particles lifts the degeneracy of the 

single particle mode and gives the so-called antisymmetric (ω-) and symmetric (ω+) modes with 

magnetic and electric dipole moments. Symmetric modes have their current flowing in phase in 

the two rings while for the antisymmetric modes, the currents oscillate out of phase as illustrated 

on Fig. 3. 1. The frequency split Δω= ω+- ω- =κω0 is proportional to the coupling coefficient κ. 

While it has long been thought that the coupling coefficient between electric dipoles can only be 

positive, it only applies to the usual case where ω+ corresponds to the higher energy mode and ω- 

to the lower one and always occurs when the resonators are simply vertically stacked [42]. A 

recent study however suggested that the interaction of microwave spoof plasmons can be 

controlled to induce negative index [85]. When the spatial symmetry of the coupled nanorings is 

broken, i.e., the rings are sufficiently shifted (by at least dx=dy>Ldipole/2), the modes dispersion 

undergo a dramatic change due to the modification of the near field Coulomb interaction, leading 

to an anomalous dispersion and an inversion of the plasmons hybridization scheme. An initially 

bonding (resp. antibonding) mode with magnetic (resp. electric) dipole moment when the 

resonators were aligned, become antibonding (resp. bonding) after symmetry breaking as 

illustrated on Fig. 3. 1B. The novel ordering of the modes after symmetry breaking, corresponds 

to negative coupling between the nanorings and we shall show that a three dimensional medium 

built from such negatively coupled discrete rings leads to a 3D negative index medium. An equal 

amount of lateral shift, i.e. dx=dy, of the square nanorings, renders the metamaterials completely 

insensitive to the incoming polarization at normal incidence, a property crucial for device 

application. A positive effective index is obtained at all frequencies in the aligned case while a 

negative index region emerges in the fully shifted ring configuration. 
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Fig. 3. 1: (A) Schematic of the coupled closed nanorings. (B) Hybridization scheme of the 

metallic nanorings depending on their alignment. When the rings are aligned (dx=dy=0), the 

antisymmetric mode corresponds to the bonding mode and occurs at lower energy than the 

symmetric mode, ω
-
 aligned < ω

+
aligned. The coupling between the nanorings is positive. When the 

nanorings are fully shifted with dx=dy=L, the antisymmetric mode now corresponds to the 

antibonding mode and occurs at higher energy than the symmetric mode, ω
-
shifted > ω

+
 shifted , the 

hydridization is inverted and the coupling between the nanorings is negative. The change in the 

modes ordering is due to the modification of the near field interaction between the nanorings and 

we demonstrate that a three dimensional medium built from negatively coupled nanorings built a 

3D negative index metamaterial. 

 

3.1.3 Fabrication and Experimental results 

The samples were fabricated on glass substrate by electron-beam lithography followed by 

subsequent evaporation of gold and SU-8 (spacer) and alignments procedures after planarization 

and its details of fabrication describes in chapter 6.3, 6.4, 6.5. The rings on both sides of the 

spacer (SU-8) can be distinguished from the scanning electrons micrographs of Fig. 3. 2 

(background of the graphs). The dispersion of the modes with symmetry breaking, can be 

inferred from the far field spectroscopic measurements of Fig. 3. 2, in two characteristic cases of 

optically thin (s=50nm) and thick (s=150nm) interlayer or spacer.  
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Fig. 3. 2: Measured transmission spectra and normal view scanning electron microscopy images 

(background of the graphs) as a function of symmetry breaking. Square lattices (period=600nm) 

of coupled square rings fabricated on glass substrate (nglass=1.5) with L=300nm, w=60nm, 

t=30nm. The spacer between the two rings layers, SU8 (nSU8=1.5) is vertically separating the ring 

layers. Two interlayer thicknesses of s=150nm (thick) and s=50nm (thin) are considered. 

Symmetry breakings with ydyxdxvd


  are investigated so that the metamaterials are 

polarization independent at normal incidence. Spacer thickness of 150nm (thick): dx=dy=0nm 

(A) and dx=dy=300nm (B). The symmetric and antisymmetric modes are excited in the case of 

aligned rings while in the shifted configuration the modes become degenerate. Spacer thickness 

of 50nm (thin): dx=dy=0nm (C) and dx=dy=300nm (D). The modes are excited in the aligned 

configuration with  ω
-
s=50, shifted < ω

+
s=50, shifted while in the shifted configuration ω

-
s=50, shifted > 

ω
+

s=50, shifted , the hybridization is inverted. 
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The properties of what we name the «chess metamaterial » can be understood from the 

measurements of Fig. 3. 2, by analyzing the influence of spatial symmetry breaking of the 

coupled nanorings on their optical spectra. Fig. 3. 2A and Fig. 3. 2B show the case of a thick 

interlayer (s=150nm), with aligned (dx=dy=0nm) and fully shifted (dx=dy=300nm) nanorings. 

Fig. 3. 2A clearly shows the symmetric (ω
+

s=150, aligned) and antisymmetric (ω
-
s=150, aligned) modes as 

dips in the transmission spectrum. A higher order multipole is excited at lower wavelength due to 

imperfect alignment of the rings and the fact that the spectrometer excitation also contains a 

small amount of in plane wavevectors. The corresponding transmissions, when the resonators are 

fully shifted are presented on Fig. 3. 2B. The symmetric and antisymmetric modes now merge at 

(ωs=150, shifted) while the resonances at lower wavelength correspond to multipoles of the rings (see 

supporting online material). In this case, the hybridization is normal and the modes simply merge 

due to dominant radiative coupling between the rings. In Fig. 3. 2C and Fig. 3. 2D, however, it is 

observed drastic change compared to the normal hybridization picture. Shifts of dx=dy=0nm and 

dx=dy=300nm are again considered to demonstrate the effect of symmetry breaking on the 

hybridization of the coupled nanorings in thin interlayer case (s=50nm). While in the aligned 

configuration, the antisymmetric mode occurs at longer wavelength than the symmetric mode ω
-

s=50, shifted < ω
+

s=50, shifted (Figure 2C), in the fully shifted regime, the antisymmetric mode now 

occurs at shorter wavelength, ω
-
s=50, shifted > ω

+
s=50, shifted (Fig. 3. 2D). The hybridization is thus 

inverted in the case of 300nm shift, the symmetric (ω
+

s=50, shifted) and anti-symmetric (ω
-
s=50, shifted) 

modes inverting their relative spectral position. These measurements show that both positive and 

negative couplings corresponding to a crossing of the real parts of the eigenfrequencies can be 

obtained by breaking the symmetry in the polarization direction for the case of the thin interlayer 

spacing. Using dx=dy, the modes dispersion can be probed simply with unpolarized light. 

The polarization resolved measurements of Fig. 3. 2 for an electric field at normal incidence 

making an angle of 0, 45 and 90 degree with the ring side demonstrate that all the structures are 

indeed polarization independent within the tolerances of fabrication. Additional resonances, 

resolved in experiment, correspond to the hybridization of higher order multipoles of the rings 

[86]. They correspond to dipole-quadrupole mode and quadrupole-quadrupole mode (see 

supporting online material). 

For a sufficient shift of the nanorings, and thin interlayer, the system becomes negative 

index due to the negative coupling between them as shown on Fig. 3. 1. We shall demonstrate 

that a medium built from such negatively coupled discrete plasmonic particles will support 

backward propagating waves. Let‟s notice that symmetry breaking, despite being considerably 

considered in the context of Fano resonances has never been used to create a complex effective 

medium  [87].  

In order to directly observe the negative index induced by symmetry breaking, we performed 

transmission phase measurements on the sample of figure 2D using a Michelson interferometer 

[88].  The idler of an optical parametric oscillator (OPO) tunable around 1650nm was used as 

light source. A schematic of the setup is shown on Fig. 3. 3A. The additional phase, when 

inserting the sample in one arm of the interferometer, shifts the interferogram on the time delay 

axis, inferring the phase velocity in our structure. Unambiguous determination of phase velocity 

from the setup of figure 3A however requires thin samples, so that the phase shift is smaller than 

one period of light. Control experiments were performed with different dielectrics (MgF2 and 

SiO2) evaporated on glass substrate and excellent measurement of their index was obtained. The 
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thickness (index) of our metamaterial and reference being dmeta (nmeta) and dref (nref) respectively 

(see Fig. 3. 3B), the time delay between the two interferograms is given by Δt=2(dmetanmeta-

drefnref)/c0, where c0 the speed of light in vacuum. 

 

 

Fig. 3. 3: Interferometric measurements of the broken symmetry coupled nanorings. (A) 

Schematic of the Michelson interferometer. (B) Sketch of a side view of the two layer sample, 

showing the thickness of the metamaterial (dmeta=110nm) as well as the reference (dref=80nm). (C) 

Interferograms measured on the sample and the reference at 1900nm wavelength, showing phase 

shift corresponding to a negative index of n=-0.93. (D) Interferograms measured on the sample 

and the reference at 2000nm wavelength, showing a phase shift corresponding to an index of 

+0.65. 

 

Measured interferograms at excitation wavelengths λ=1900nm and λ=2000nm, obtained 

with the metamaterial of Fig. 3. 2D (s=50nm and dx=dy=300nm) are presented on Fig. 3. 3C and 

3D. The interferograms are compared to air interferograms (unpatterned area of the substrate) 

very close to the sample, so that the thickness variation of the substrate is negligible. After the 

planarization process, the unpatterned part of the substrate is covered by 80nm of SU-8. The 

temporal shift between the reference and metamaterial interferograms in Fig. 3. 3C shows a 

negative index of -0.93 observed at 1900nm, while in Fig. 3. 3D an index of +0.65 is obtained at 

2000nm. This is in very good agreement with our theoretical calculations where negative index 
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is obtained around ω
-
s=50, shifted. We have thus directly observed negative index induced by 

symmetry breaking in our metamaterial. 

To demonstrate the possibility of ultra-broadband operation in a bulk system, a three 

dimensional structure consisting of ten layers of metamaterials (4 functional layers) was 

designed and fabricated. The symmetry is laterally broken by shifting each layer with respect to 

the adjacent layer in the configuration of Fig. 3. 2D. Fig. 3. 4 shows a scanning electron 

microscopy image of the 10 layers structure. Different numbers of functional layers, from one to 

four were fabricated and measured. The realized three dimensional nanorings sample can be seen 

on Fig. 3. 4B. The samples were fabricated layer-by-layer using planarization steps  [42]. 

 

 

 

Fig. 3. 4: (A) Tilted view electron micrograph of the three dimensional structure (ten layers) of 

stacked broken symmetry nanorings.  The dimensions are those of figure 1C with the last layer 

also covered by SU8. (B) Sketch of the corresponding metamaterial. 

 

The experimentally measured transmissions of three-dimensional structures for different 

number of gold nanorings layers are presented in Fig. 3. 5B along with finite difference time 

domain numerical simulations on Fig. 3. 5A. Excellent agreement is found. Here, the last layer in 

each case is covered by 80nm of SU8 and not air. A slightly smaller transmission measured in 

experiment is attributed to deviations from the ideal structure as seen in Fig. 3. 3B. By stacking 

the broken-symmetry nanorings, a passband builds up between 1.3μm and 2.3μm wavelengths. 

This large passband constitutes the negative index region originating from the negative coupling 

between the nanorings or Fano resonances resulting from the spectral overlap between the 

symmetric and anti-symmetric modes. The low transmission is simply due to the impedance 

mismatch between the incident medium (air) and the metamaterial. Because the structure is 

constructed from coupled resonances, phase ambiguities arise even for thin layers contrary to 

previously reported metamaterials and the unambiguous retrieval of the effective parameters is 
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not straightforward with the common algorithm [11]. However, there are no such ambiguities on 

the imaginary part of the index of refraction. Using Kramers-Kronig relations [89], the correct 

branches can be unambiguously chosen, since real and imaginary parts of the index are related 

by: 

'
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where P denotes the Cauchy principal value of the integral. In order to directly observe the 

backward wave, the effective refractive index of the metamaterial is presented in Fig. 3. 5C for a 

structure made of 20 layers of rings (see supporting online material). Results show that the 

transmission passband is already obtained with the five rings layers realized in our experiment. 

The transmission in experiment however saturates due to defects in fabrication, but still reveals 

fine details in the spectrum demonstrating the robustness of the design. The figure of merit 

(FOM) is an important parameter of negative index metamaterials and is simply defined as 

FOM=|n‟/n”| where n‟ and n” are the real and imaginary parts of the index. For a bulk 

metamaterial structure made of twenty ring layers presented in Fig. 3. 5C, we found a FOM of 

~10 at 2 μm, taking into account the experimental loss. Even though very high FOM have been 

recently claimed in active metamaterials [90], a new definition is needed for metamaterials with 

gain. A better passive metamaterial will also be a better active one since it will require less pump 

power for loss compensation. Fig. 3. 5D shows the time evolution of the wave inside the 

metamaterial structure at the middle of the passband, demonstrating for the first time, backward 

waves in a bulk metamaterial made of single type of discrete resonators, and breaking the 

paradigm of negative index with closed nanorings. Movies of the time evolution of wavefronts in 

the metamaterial in negative and positive index regions are presented in supporting online 

material (SOM). Interestingly, wavefronts are uniformly distributed in our metamaterial unlike 

the fishnet system, where light was mainly travelling through the air holes. The strategy, as a 

non-waveguide route, is thus a possible path toward 3D isotropic optical metamaterials. 
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Fig. 3. 5: Transmission spectra and dispersion of multilayers of broken symmetry nanorings. (A) 

Simulated transmission spectra for different number of rings layer from two to five. (B) 

Measured transmission spectra for different number of metamaterial layers. Excellent agreement 

between experiment and theory is found. The formation of the passband between 1.3μm and 

2.3μm can also be observed. (C) Effective metamaterial parameters and transmission for 20 

layers of rings. The black and red curves (left axis) are the real and imaginary parts of the 

effective refractive index. The blue curve (right axis) is the transmission of the corresponding 

metamaterial. The index is negative in the entire “Fano induced” passband. (D) Time evolution 

(time increases from left to right and top to bottom) of uniform phase fronts in the bulk 

metamaterial showing backward waves at λ=1.6μm. S and k are the poynting vector and 

wavevector respectively. 

  



41 

 

3.1.4 Conclusion 

It is reported the first experimental demonstration of an ultra-broadband negative index in 

bulk optical metamaterials by controlling the symmetries of three-dimensional localized 

plasmonic resonances using closed metallic nanorings. A three dimensional, polarization 

independent, negative-index metamaterials using one type of meta-atom at optical frequencies in 

a “Fano induced negative index” approach has been reported. It has been broken the paradigm of 

negative index with closed nanorings. The ability to manipulate light with the spatial symmetry 

of three-dimensional coupled metallic nano-particles may enable a new era in the design of 

metamaterials, opening the way to the observation of complex topological effects. The proposed 

polarization independent “chess metamaterial” will allow the design of structures in which 

symmetries are controlled in three dimensions. It has been also overcome the problem of current 

optical negative index metamaterials as plasmonic wave guiding systems (fishnet and coupled 

coaxial waveguides for example) that are inherently two-dimensional and thus insufficient to 

realize three dimensional isotropic metamaterials. The exclusive use of localized plasmonic 

modes should allow the design of angle independent metamaterials.  This approach will open 

new avenues towards low loss linear and non linear metamaterials (where symmetries play a 

fundamental role), novel designs of microwave, terahertz, as well as optical meta-plasmonic 

devices. 
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3.2 Negative Index in Random Optical Media 

3.2.1 Introduction 

Metamaterials have seen tremendous progress in the last few years at optical frequencies 

[70,91,92,93,6,94,95,96,39,97,98]. Applications such as perfect lens [71], rainbow trapping or 

light stopping devices [99], directive antennas [100] and cloaking [101,102] are the motivations 

in the field because of their potential in fields ranging for astrophysics, medicine or integrated 

nanophotonics. However, most of these applications require an isotropic metamaterials and 

current research in the field seems to be far from this goal despite important advances made 

recently. Fishnet metamaterial is currently presented as the best design for negative index in the 

optical domain and loss issue in the fishnet metamaterial is being addressed [90]. However, the 

fishnet system is intrinsically 2D periodic and even a loss free optical fishnet cannot implement 

the super lens. Recent studies have also shown that imaging with the most popular optical 

metamaterial lead to degraded performance compared to conventional imaging systems [103] 

raising new questions on currents structures.  Isotropy in optical metamaterials thus appears to be 

one of the fundamental problems in the field and seems difficult to achieve in currents structures 

at optical frequency due to periodicity, calling for alternative approaches. Negative index 

metamaterials reported so far at optical frequencies are usually based on connected particles and 

periodic systems [79,6]. Small deviation from periodicity generally resulted in augmented losses. 

This observation led researchers to raise doubt on current interpretations since the fundamental 

question of whether periodicity is needed has still not been answered and alternative 

interpretations based on finite sized periodic array in which phase is carefully tailored were 

proposed [6]. This question is all the more pertinent that careful tailoring of coupled waveguides 

dispersion has allowed the implementation of negative index [79]. It was claimed that periodic 

structures cannot synthesize negative indices while negative index was attributed to surface 

waves existing only in this class of media. It should be also underline that the fact that currents 

structures are periodic and comparable to the wavelength in at least one direction has for 

example prevented the use of periodicity to achieve 3D optical isotropic metamaterials. There are 

however two fundamental issues in the application the random particles route to negative index 

metamaterials. The first is that metamaterials with negative index generally use long wires for 

the negative permittivity thus preventing the use of discrete particles. The second problem is that 

even when discrete particles are found [104], periodicity was still used and two sets of particles 

were needed to separately deal with the permittivity and the permeability. In such dual 

component systems, the extremely high concentration of particles hardens a reliable prediction 

the optical properties of the composite. 

Recently, a magnetic mode has also been experimentally observed in a single unit cell of 

core shell nanoclusters [105]. However this system also failed in providing an electric mode in 

the same frequency range and will thus not lead to negative index metamaterial. The 

development of a single particle approach that can exhibit strong electric and magnetic moments 

with sufficient overlap is thus unavoidable for pursuing a random particles route and answer the 

fundamental question of whether or not periodicity is needed to achieve negative index in 

metamaterials. 



43 

 

Here it is proposed a discrete plasmonic particle (supporting localized SPPs) with strong and 

overlapping magnetic and electric dipole moments which gives negative index when randomly 

distributed in a host medium. The meta-molecule is obtained by internal symmetry breaking.  

 

3.2.2 The system and theory 

The meta-atoms under consideration in this paper are presented in Fig. 3. 6 (a). It is a paired 

gold strip (shifted bars) with its symmetry broken along the direction of the electric dipole 

moment of the cut wire. The meta-molecule is composed of two coupled dipoles (length 290nm) 

separated by a vertical distance of 50nm. This distance makes near field coupling between the 

bars possible and the coupling lifts the degeneracy of the plasmonic modes leading to the 

formation of an anti-symmetric mode and a symmetric mode with current oscillating out of phase 

and in phase respectively in analogy with atomic orbitals. The anti-symmetric mode has been 

used to achieve negative permeability at optical frequencies [97,98] and the symmetric mode can 

lead to negative permittivity. The particles in Fig. 3. 6 (a) are exited at normal incidence (k=koz) 

with the electric E=E0x. Until now, continuous wires have been added to the anti-symmetric 

mode in order to superpose a diluted Drude model to the magnetic response and to get true 

negative index [77, 106] obtaining the so called fishnet structure. A sufficient condition to get 

negative index building block with the paired cut wires is to ensure a sufficient overlap of the 

two modes it supports, without the need of continuous wires. However, so far, only positive 

coupling was observed between the metallic strips while hybridizing at optical frequencies [42]. 

The distance S between aligned resonators corresponding to shift=0, was used to control the 

mode splitting that exponentially depends on the gap between resonators and lead to single 

negative metamaterials [97] in which the negative index comes from losses. Using the separation 

to overlap the two modes of opposite symmetry lead to a dilemma stemming from the difficult 

compromise between the mode splitting requiring small S and modes overlap requiring large S. 

Symmetry breaking has recently been demonstrated to invert the hybridization process in the 

microwave domain [107].  Such symmetry breaking by shifting one of the wires with respect to 

the other along their electric dipole moment negatively bonds the metallic strips as illustrated on 

Fig. 3. 6 (b). The existence of electric monopoles allows this inversion via a modification of the 

near field Coulomb interaction. Let‟s notice that it is not possible to get such an inversion in a 

purely magnetic dipole-dipole coupling due to the absence of magnetic monopoles. While the 

dipoles modes are spectrally separated in the initial configuration (shift=0), they overlap and 

cross each other for sufficient shift of the bars. The coupling strength κ between the particles can 

be derived from coupled mode theory and is simply expressed as:  

Δω= ω+- ω- =κω0 

where ω+ and  ω- are the symmetric and anti-symmetric modes respectively and ω0 the 

resonance frequency of a single cut-wire (uncoupled particles). The crossing of the eigenmodes 

of the structure (see Fig. 3. 6) for shift greater than the critical shift ~150nm, can thus simply be 

interpreted as a negative coupling between the particles.  In contrast to other negative index 

strategy reported so far a random collection of such negatively coupled discrete plasmonic 

particles can build a negative index metamaterial. Surprisingly, both the symmetric and anti-

symmetric modes can give rise to attractive and repulsive forces opening exciting applications in 

optomechanics with metamaterials where the local forces can be manipulated by simple 
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symmetry control. The negative coupling regime forms a fundamental discrete meta-molecule 

for investigating random negative index media. Fig. 3. 6 also shows that the mode splitting is 

stronger for positive coupling than for negative coupling in our system. This can simply be 

explained by the fact that in the aligned case, both electric and magnetic couplings (equivalently 

capacitive and inductive couplings) take part to the mode splitting while the magnetic coupling is 

smaller in the fully shifted case.  

 

Fig. 3. 6 (a) System under investigation consisting of two gold metallic bars shifted in the 

direction of their long wavelength electric dipole moment. (b) Resonance splitting (symmetric 

mode ω+ and anti-symmetric mode ω-) from simulations of the coupled bars as a function of the 

shift between the strips for a vertical distance between the bars of S=50nm with particles in the 

configuration of our experiment. The dimensions of the bars are L=290nm; w=60nm; t=30nm.  

The insets indicate the typical mode pattern (XZ cross section) or charges distribution for the 

zero and fully shifted bars at their symmetric and anti-symmetric resonances. 

The degree of freedom introduced by shifting the particles introduces an important range of 

tunability in our system in which both blue and red shift of resonances are possible contrary to 

previous reports observing tunability in different metamaterials systems.  The shift in the 

resonance position of the anti-symmetric mode from zero shifted bars to the maximum shift is 

about 61 THz. The tuning range of this mode is about ~40%, the highest tunable range reported 

so far for optical metamaterials. Attractive and repulsive optical forces can be obtained for either 

the symmetric or anti-symmetric modes allowing a simultaneous control of the near and far field 

pattern (see Fig. 3. 6 (b)). It is thus possible to maintain the far filed characteristic of a mode 

while fundamentally changing the nature of forces at the near field level. Any combination of 

optical force and optical refractive index can thus now be realized. 

From experimental point of view, the study of random distribution of meta-molecules is the 

best method to probe the negative coupling reported on Fig. 3. 6 at the single meta-molecule 

level. The rotation of two split ring resonators has been recently reported at optical frequencies 

but only positive coupling was observed [42]. 
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3.2.3 Fabrication and Optical Experiment 

We consider a two dimensional ensemble of shifted bars without aggregations and centered 

at random positions and with random orientations in the XY plane. The random particles are 

numerically generated (center positions and orientations, see chapter 6.6 for the details and Fig. 3. 

7) and patterned on a 4nm indium thin oxide (ITO) coated glass substrate by e-beam lithography. 

After the realization of the first layer, a planarized 50nm SU8 interlayer is deposited and a 

second e-beam with alignment is realized to produce the random shifted bars (see chapter 6.3, 

6.4, and 6.5). In order to minimize the intermeta-molecular coupling for predictive theoretical 

calculation using single meta-particles polarizabilities, we enforce in the algorithm generating 

the pattern a minimum distance of 50nm between the meta-molecules. Each sample consists of 

30x30μm
2 

and patterns with different meta-molecule density. For a fair comparison between the 

meta-isotopes the number of particles per surface is kept constant from one structure to the other. 

For the filling fraction considered in our work, the number of particles within the 30μm*30μm is 

1718, 3436 and 5154 yielding a particle density of respectively D1=1.91.10
8
cm

-2
, 

D2=3.82.10
8
cm

-2
 and D3=5.73.10

8
cm

-2
. Let‟s notice that the effect of positional disorder in 

microwave metamaterials has been studied [108] but not from the effective medium perspective. 

Fig. 3. 7 (a-d) shows normal incidence views scanning electron microscopy (SEM) images 

of the realized samples corresponding to density D3.  An excellent intrameta-molecular 

alignment is achieved for the different samples (Shift=0nm; Shift=145nm; Shift=205nm and 

Shift=290nm). The misalignment in each meta-isotope is within 10nm in our electron beam 

lithography system. Because these samples are made of the same building blocks arranged 

differently in space at the unit cell level (meta-molecule), they will be called meta-isotopes 1 

(shift=0nm) to 4 (shift=290nm). Transmissions for different meta-isotopes (1 through 4) and 

different filling fractions corresponding to 9 samples are presented on Fig. 3. 7 (b) where 

measurements are performed with unpolarized light at normal incidence using FTIR Brucker 

instrument equipped with a Cassegrain microscope. The anti-symmetric mode with charges 

density (electrons) oscillating out of phase in the metallic strips has a smaller restoring force in 

the aligned case and is thus less coupled to far field due to destructive interference between the 

radiations from the bars. This characteristic helps to track the modes in the meta-isotopes. The 

anti-symmetric and symmetric modes are clearly resolved in our transmission experiments 

except for meta-isotope 2 where the mode are degenerate and ω145+ ~ ω145-. In the latter case, the 

shift is half of the dipole length, the attractive and repulsive forces compensate each other and 

the near field force is almost zero. It is also observed that the anti-symmetric mode is the low 

energy mode from the zero shifted bars while for the fully shifted bars it becomes the higher 

energy modes confirming the prediction of Fig. 3. 6 and the crossing of the real part of the 

eigenmodes of our random distribution of shifted bars. We have thus observed for the first time 

negative coupling between single discrete plasmonic particles. For shift ~ 150nm, according to 

Fig. 3. 6, the two modes are spectrally very close to each other and not resolved. Instead, because 

the coupling coefficient is close to zero, the resonance linewidth is shrunk and a single resonance 

is observed. The measurements in Fig. 3. 7 also show that the transmission decreases with the 

filling fraction. This can be explained qualitatively by the decrease of the number of open 

channel the random media when disorder increases. Alternatively, increasing the filling fraction 

simply decreases the background, making more particles to interact with the exciting light.  The 

fact that the metallic filling fraction is higher can also be a qualitative explanation even is not 

sufficient since higher metallic constituent is not synonym of lower transmission. If the filling 
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fraction of this negatively coupled particles (meta-isotope 4 for example i.e fully shifted bars) is 

high enough a negative index medium can be obtained without any kind of periodicity. In order 

to prove this point, we shall perform phase resolved experiment on our samples and mixing 

theory calculation using Maxwell Garnett approximation. 

 

 

Fig. 3. 7: Scanning electron microscopy images of the meta-isotopes 1 to 4 (for density D3) with 

different shifts between the bars and experimental measurements. Normal views for 0nm shift (a), 

145nm shift (b), 203nm shift (c) and 290nm shift (d). Experimental transmissions spectra with 

unpolarized light at normal incidence for the meta-isotope 1 (e), meta-isotope 2 (f), meta-isotope 

3 (g) and meta-isotope 4 (h) and for different filling fractions of the meta-isotopes. 

 

It is important to underline at that for densities from D1 to D3 presented on Fig. 3. 7, the 

effective coupling in the random metamaterials under consideration interestingly remains the 

same for each meta-isotope. The spectral positions of dips in transmission are independent of the 

density considered here and inter-particles coupling can be thus be neglected for filling fractions 

under consideration. The absence of novel resonance features as well as maintained spectral 

position of modes frequencies show that the inversion of the hybridization has for the first time 

been observed at the single particle level.   However even if the coupling between adjacent cells 

was not negligible (both near field coupling and radiative coupling), the overall sign of the 

effective coupling remain the same and negative index can still be obtained in the random system. 

The assumption of independent meta-molecules only eases the theoretical modeling of the 

composite but is not a necessary condition. 
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Metamaterials reported so far at optical frequencies are polarization dependent and attempts 

to obtain polarization independent but so far periodic structures led to degraded performance, 

significantly decreasing the figure of merit. Random metamaterials are however intrinsically 

polarization independent and all directions in the XY plane are equivalent since no special 

direction can remain in the macroscopic description of the random system. To investigate this 

property polarization resolved transmission measurements with two arbitrary and orthogonal 

polarizations  and an intermediate one are presented on Fig. 3. 8 for meta-isotope 1 and 3 with a 

2-dimensional particle density D3. We can see that the realized samples are indeed polarization 

independent. The variation in transmission between randomly chosen polarizations is smaller 

than 2% except around plasmonic resonances where it reaches 5%. This small discrepancy is due 

to fabrication imperfections (misalignment in individual meta-molecules) and the finite size of 

the sample (finite randomness) but shows the excellence achieved in fabrication. The 

polarization independence is also experimentally verified for other meta-isotopes with different 

densities (not shown here). 

 

Fig. 3. 8: Experimental transmission at normal incidence for two arbitrary orthogonal 

polarizations (0deg and 90 deg) and an intermediate one (45deg) of meta-isotope 1 (a) and meta-

isotope 3 (b) and a density of D3=5.73.10
8
cm

-2
.  Insets: Magnified views of the random samples 

and arbitrary linear polarizations of light. 

 

From chapter 3.1, negative index is prospected in the region between asymmetric and 

symmetric mode for negative coupling. To prove this experimentally, phase measurement is 

necessary with amplitude by FTIR for parameter retrieval. By the way, firstly, this random 

system needs to establish the exact mixing theory. The electric and magnetic dipole moments of 
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the shifted bars are in the XY plane.  The meta-atoms under consideration are bianisotropic and 

as such, bianisotropic mixing rules should be applied to predict the properties of the composites.  

Mixing describe the macroscopic response of the randomly distributed particles. A general 

prerequisite for such a system is that the inclusion size as well as the spatial correlation length of 

the permittivity be small compared to the wavelength. Our work calls for the development of 

mixing theories beyond the dipole approximation as well as experiments to validate these 

theories. The particles proposed here can for example be made by self organization [109]. After 

that, the result of phase will combine with the theoretical equation; the negative index will be 

able to be obtained in future.  

 

 

3.2.4 Conclusion 

It has been reported that the first observation of negative index in random media 

demonstrating unambiguously that negative index is not an exclusive property of periodic 

systems. Symmetry breaking has been shown to drastically and fundamentally affect the 

plasmonic links between metallic meta-atoms that can be positively or negatively bonded. These 

meta-isotopes obtained by symmetry breaking are thus fundamental meta-molecules for either 

positive or negative index media. Although the negative index is not demonstrated so far, the 

demonstration that negative index may be not an exclusive property of periodic systems open a 

new and more realistic avenue in self assembly for metamaterials. Negative index combined with 

random media may open new possibilities in sub diffraction imaging, optical non linearity and 

allow the investigation of phenomenon such as universal conductance fluctuation and Anderson 

localization in metamaterials. 
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Chapter 4 Metamaterial Applications 
 

4.1 Far-field extraction of Deep Sub-wavelength Plasmonic Mode Volume 

Plasmonics offer the optical interfacing between free space radiation and the nano world. 

Among various plasmonic designs, optical nano-antennas are of special interest since they are 

capable of focusing light into a gap region with nanometer scales in all three dimensions, and can 

be tailored to operate at various frequency bands[110, 111, 112, 91]. Besides their usual antenna 

functionalities such as transmitting and receiving signals, optical antennas also behave as ultra-

small plasmonic resonators which can be used to strongly increase light-matter interaction. When 

emitters such as quantum dots or dye molecules are positioned in the feeding gap of the nano-

antennas, strong enhancement of radiation is expected at the antennas‟ resonance frequency due 

to the Purcell effect[113] which is proportional to the ratio between the quality factor Q and the 

mode volume V . This is to say, the ultra-small mode volume can compensate for a relatively low 

quality factor in an optical antenna, resulting in a Purcell factor that may exceed other optical 

systems such as photonic defect modes[114] and high Q cavity ring resonators[115]. 

Determination of the mode volume is therefore of a great importance for optimal design of 

active plasmonic devices and prediction of performance of nano-emitters positioned at a cavity‟s  

„hot-spot‟. However, it cannot be simply deduced from its geometry and normally requires 3D 

near-field measurement of the electric field distribution. While recent progress in the technology 

of NSOM has allowed the probing of near field pattern in the nanometer scale, the perturbation 

of the NSOM tip to the intrinsic field distribution prevents a faithful measurement of the mode 

volume.  

In this study, a method for measuring deep sub-wavelength mode volume by merely 

detecting the far-field signal without introducing any mode perturbation is developed. The 

concept relies on a basic physical principle, stressing that the stronger an optical mode is 

confined in a cavity, the more sensitive the resonance of the system is to the changes of the 

material or structural parameters at the “hot spot”. The sensitivity of the resonance to a small 

displacement of resonator geometry is directly related to the magnitude of the optical force 

exerted locally at the displaced part, which, in the quasi-electrostatic picture, can be considered 

as a Coulomb force due to the charge accumulation at this particular region.  

We start by formulating the relations between a change in a resonator mode volume and the 

subsequent change in the resonance frequency. We consider an optical antenna with a feeding 

gap size g. The resonance frequency difference  resulting from a small change in the gap sizes, 

g is directly related to the optical force per photon between the two metal facets across the 

feeding gap [116,117],   

gg

U
F












        (4.1) 

where U is the photon energy in the antenna and  is the reduced Planck constant. From an 

alternative point of view, the force can be considered as the electro-static force between the two 
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metal facets forming a capacitor C across the gap due to the accumulation of opposite charges, 

which can be written as, 

g

C
VF g




 2

2

1

      

 (4.2) 

where Vg is the optical voltage across the feeding gap. Combining equation (4.1) and (4.2), we 

obtain the electric field per photon inside the gap,     
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The mode volume of the plasmonic antenna can be expressed as the ratio between the 

photon energy and twice the electric energy density inside the gap[118], 
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Equation (4.4) directly relates the mode volume to the relative change at the resonance 

frequency with respect to the change in gap width of the antenna. Consequently, this 

differentiation method, based on far field measurements of the spectral resonance position, can 

be used to retrieve nano-meter scale mode volume. Such a frequency shift is similar to the 

difference in resonance frequency between two antennas with a difference of  g  in the gap size, 

but similar otherwise. This simplifies the procedure even more, as it eliminates the to 

dynamically tune the gap size of a single antenna, which may be somewhat challenging.  

As a model system, we measure the mode volume of loop optical antennas [119] consist of a 

metallic ring with a feeding gap as schematically shown in Fig. 4. 1 (a). An analytical formula 

for the capacitance C across the gap between two metallic electrodes has been developed by 

taking into account the fringe effect[120,121], yielding  
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     (4.5) 

in the thick electrode limit, where ns is the refractive index of the quartz substrate.  

The strength of this method is experimentally demonstrated using four different 40x40 

arrays of loop antennas as Fig. 4. 1(b), with gap sizes ranging from 24 to 55 nm at a step around 

10 nm as Fig. 4. 1(c). The arrays were fabricated by electron beam lithography (EBL) on a quartz 

substrate, and are at the same period of 600 nm such that the near field coupling among the 

antennas does not play a significant role. The transmission spectrum of each sample is measured 

using a FTIR microscope (Bruker optics) for normal incident light and electric field which is 

polarized across the feeding gap. The obtained transmission spectra are shown in Fig. 4. 1(d). 

The fundamental resonance can be clearly observed for each sample around 3 µm wavelength. 

Decreasing the gap width from 55 nm to 24 nm, the resonance wavelength is red-shifted from 2.7 

um to 3 um, and the resonance becomes weaker resulting in shallower transmission dips. The 

decrease of resonance frequency (energy) with smaller gaps indicates an attraction force between 
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the two metal facets, as expected from the opposite charge accumulations across the gap. The 

red-shift of the resonance is also expected from a simplified LC circuit model, where an increase 

of capacitance leads to a lower resonance frequency.  

 

Fig. 4. 1: Far field measurement of the spectra of loop antenna arrays. a. The schematic of a loop 

optical antenna.  The dimensions are indicated in the figure: The width of the ring W =68 nm, 

height of ring h=40 nm, outer radius r=155 nm, and the average gap g ranges from 24.1 nm to 

54.8 nm for different samples. b. the SEM image of an loop antenna array with a period of 600 

nm. c. the SEM images of four different samples with average gap widths of 24.1 nm, 32.1 nm, 

45 nm and 54.8 nm, respectively. d. The measured transmission spectra using Fourier transform 

infrared spectroscopy. Black, red, cyan and blue curves correspond to samples with increasing 

gap sizes. 

To support this observation, we perform numerical simulations of the transmissions using 

the commercial FDTD software – CST Microwave StudioTM, shown in Fig. 4. 2.  While the 

simulated transmission spectra show a slight red shift with respect to the measured ones, the 
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overall trends in both the peak location and resonance strength are in good agreement with the 

experimental results. The plot of the electric field shown in the inset confirms the strong 

confinement of the field inside the gap region. In comparison with the simulation, the measured 

transmission shows slightly broadened resonance features, which could have stemmed from two 

reasons: the non-uniformity of the loop antennas within one sample, i.e. inhomogeneous 

broadening and the deviation of metal properties from that used in the simulation.  

 

Table 4. 1: Measured gap widths and resonance frequencies 

Mean Gap width (nm) 24.1 32.1 45.0 54.8 

Resonance frequency (THz) 110.29 107.53 103.45 101.01 

  

 

 

Fig. 4. 2: Simulated spectral response of the loop antenna arrays with different gap widths. The 

color convention is the same as in Fig. 4.1(d). The inset shows the electric field distribution at 

the resonance frequency (f = 120 THz) for the loop antenna with gap width of 24.1 nm. The 

electric field is strongly confined inside the gap of the antenna, while the magnetic field is 

enhanced inside the circular loop due to the oscillating current in the antenna. 

 

The retrieval of mode volumes using Equation (4.4) requires an accurate determination of 

the average gap widths in each sample. Therefore, we have measured the gap width for at least 

40 loop antennas on each sample, and calculated their average value. The average gap widths 
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and the corresponding resonance frequencies for all samples are summarized in Table 4. 1, from 

which the mode volumes are calculated and shown in Fig. 4. 3 (black diamonds).  

 

 

 

Fig. 4. 3: Measured and simulated mode volumes of loop antennas. The black diamond and blue 

square represent the mode volume extracted from resonance frequencies obtained from 

measurement and Microwave Studio simulation, respectively.  The red solid line corresponds to 

the mode volume calculated rigorously from the near field electric and magnetic field 

distribution of the eigen mode.  For comparison, the geometrical gap volume, calculated as 

gwhVgap  , is shown as the gray line.  

 

The measured mode volumes for all the antenna arrays are more than 3 orders of magnitude 

smaller than the cubic resonant wavelength 3 and increase monotonously with the gap width.  

Combining with the quality factor (Q ~7) inferred from the resonance line-width in Fig. 4. 2, the 

measured mode volumes indicate extremely large Purcell factors ( 3

24

3


 eff

p
V

Q
F  ) in the range 

of 103 to 104 for emitters placed inside the feeding gap of the antennas. This large enhancement 

of the Purcell factor is on par with the micro-rings and photonic crystal based cavities, albeit 

with a much lower quality factor.  

To complement the experimental measurements, the spectral response of loop antennas with 

gap ranging from 10 nm to 70 nm at a step of 5 nm was simulated using the FDTD simulation 

where the mode volume is calculated from the resonance frequency using the differentiation 

method (Fig. 4. 3, blue squares).  In addition, we use frequency domain simulation (FEMLAB) 
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to compute the electric and magnetic field distribution of the optical mode in the loop antenna. 

The mode volume was then obtained rigorously as 
2

0E

U
Veff


 , where E is the average electric 

field across the gap,  U is the total energy stored in the resonator given by  the summation of 

both electric and magnetic energy 
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 . In the above expression, 

the refractive index of glass is nsub=1.45, the permittivity of gold is described by Drude model 

with 7.5 , 
11610366.1  sradp and 

13101.9  Hz. As shown in Fig. 3, the measured 

mode volumes are in reasonable agreement with both numerical results. The two numerical 

methods yield similar results at small gaps, where the expression of the capacitance across the 

gap (Equation 4.5) is accurate. At larger gaps, the differentiation method tends to deviate from 

the rigorous calculation. Nevertheless, even at the gap width around 50 nm, which is larger than 

the height of the gap (40 nm), the difference is less than 30%.  This verifies that the 

differentiation method gives very good quantitative match to the real mode volume, and thus 

serves as a reliable way for the characterization of the mode volume of the plasmonic antennas. 

In a conventional LC circuit operating in the RF region, the total energy stored in the system 

is equally split between the electric energy and magnetic energy, with all the electric energy 

concentrated in the capacitor. As a result, the mode volume is expected to be the same as the 

volume of the plate capacitor, i.e. the gap volume. However, we found both the calculated and 

measured mode volumes to be more than 5 times larger than the volume of the gap itself, owing 

to the fringe effect of the gap capacitor[122], and the contribution from electric field spread 

around the metal loop, similar to inductor-capacitor circuit.  

 In conclusion, we have experimentally measured the mode volume of plasmonic antennas 

operating at the mid-infrared region. To our knowledge, this technique represents the first 

attempt to measure the mode volume of plasmonic elements without requiring any near field 

information. The mode volumes were shown to be at least 3 orders of magnitude less than 3, 

leading to an estimation of extremely large Purcell factors. The optical antennas, with suitable 

gain medium placed inside their feeding gap, will lead to enormous enhancement of the 

spontaneous emissions.  
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4.2 Split Ring Resonator Sensors for Infrared Detection of Single Molecular 

Monolayers 

Surface enhanced vibrational spectroscopy[123] has been a topic of interest for 

interdisciplinary research owing to its ability to amplify molecular scattering cross sections 

through localized surface plasmon resonance[124,125]. Surface enhanced Raman spectroscopy 

(SERS)[126,127,128] and surface enhanced infrared absorption spectroscopy 

(SEIRA)[122,129,130] are commonly employed techniques in which the minimum detection 

limit is determined by the strength of local fields around the metallic nanostructures. Various 

nanoparticle geometries including nanospheres, nanorods[128], and nanoshells[131] have been 

utilized for SERS. Recently, Neubrech et al. [132] have introduced a new approach for SEIRA 

that relies on Fano like resonances due to resonant coupling between a nanorod and a molecular 

monolayer.  

In this letter, it is experimentally demonstrated to show optical detection of self-assembled 

monolayers (SAMs)[133] of 1-Octadecanthiol (CH3(CH2)18SH) through resonant coupling 

between plasmonic modes of split ring resonators (SRRs) and vibrational modes of 1-

Octadecanthiol (ODT) molecules. This resonant coupling occurs when the absorption of CH2 

stretching vibrations of ODT overlaps spectrally with the plasmonic resonance of the SRR. Fig. 4. 

4 (a) shows the typical setup for this sensing paradigm. A nanofabricated array of SRRs is coated 

with a monolayer of ODT. Absorption by molecules in the nanoscale gap modifies the SRR 

resonance spectrum upon interaction with the enhanced near-field in the gap (Fig. 4. 4 (b)). This 

effect manifests itself in the far-field transmission spectrum allowing us to detect the ODT 

molecules using far-field microscopy techniques. This approach differs from previous plasmonic 

sensing schemes that rely on the local index changes. [134, 135] 
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Fig. 4. 4 (a) Scanning electron micrograph (SEM) of a typical split ring resonator (SRR) array.  

Scale bar is 1 μm. Inset shows a schematic of a self-assembled monolayer of ODT molecules in 

the gap of a single SRR for absorption spectroscopy.  (b) Simulated near-field amplitude 

distribution around a SRR on resonance for polarization along the gap. Near-field is confined 

mostly in the gap. 

 

This is first modeled as the effect of aforementioned coupling mechanism on the SRR 

resonance spectrum by solving the three dimensional electromagnetic problem with a 

commercial finite integration technique (FIT) solver (CST Microwave Studio). Fig. 4. 4 (b) 

shows the near-field distribution of a pristine SRR without the ODT layer. Notably, the field is 

strongly localized and confined in the gap region [136]. The parameters used in this calculation 

for the gold SRR array are the following; period a=800 nm, radius r=200 nm, thickness t=30 nm, 

width w=80 nm, and gap g=30 nm. Having calculated the near-field distribution for the pristine 

SRRs, the SRR surfaces are uniformly covered with a 2.4 nm thick layer characterized with a 

Lorentz oscillator model to emulate the effect of the ODT molecules on the SRR spectrum both 

in the near and the far zones. The parameters for the Lorentz oscillator are chosen such that they 

can reproduce the absorption associated with the symmetric stretching mode of the ODT 

molecule.  

The SRR-molecule coupling results in a dip in the near-field spectrum of the SRR as shown 

in Fig. 4. 5(a). The presence of the ODT on the SRR is essentially equivalent to local absorption 

at the vibrational frequency of ODT for the SRR.  From the ODT point of view there is more 

available energy to be absorbed as the SRR confines and enhances the incoming radiation in the 

gap similar to impedance matching in electronic circuits. In other words, the ODT absorption 

cross-section is increased by the SRR antenna cross-section.  
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Fig. 4. 5: (a) Calculated near-field spectrum in the SRR gap with a uniform 2.4 nm layer of a 

Lorentzian absorber on SRRs to emulate the experiments.  (b) Calculated far-field transmission 

spectrum for the same configuration.  Inset is a closer view of the molecular absorption peak 

superimposed on the SRR spectrum. 

In the far-field, however, there is a peak at the ODT absorption frequency in the SRR forward 

scattering (transmission) spectrum in the presence of the ODT layer. The energy absorbed by the 

ODT molecules in the near-field couples back to the SRR through Rayleigh scattering and is 

radiated by the SRR antenna. During this reradiation process the part of the electromagnetic 

energy, which would normally not scatter in the forward direction is radiated in the forward 

direction due to the SRR-ODT near-field coupling.  

 To demonstrate this coupling mechanism we have fabricated 5 different SRR arrays with 

radius 170 nm, 180 nm, 190 nm, 200 nm, and 210 nm. The other array parameters were same as 

those used in the simulations except for the period a=600 nm. The SRR arrays were fabricated 

on an indium-tin-oxide (ITO) coated quartz substrate by standard electron beam lithography with 

a single PMMA layer followed by a lift-off process (Fig. 4. 4 (a)). Each array consists of 2500 

SRRs corresponding to an area of 30 m  30 m. Infrared transmission measurements are 

performed on a Fourier Transform Infrared (FTIR) spectrometer equipped with a microscope. 

The mid-IR illumination is focused on to the samples with a 36x 0.5 numerical aperture (NA) 

Cassegrain reflective objective and the transmitted signal is collected with another microscope 

objective of same specifications on to a liquid nitrogen cooled mercury-cadmium-telluride (MCT) 

detector. The sample area of interest is spatially filtered with an adjustable square aperture in the 

microscope beam path to limit the transmitted signal to the 30 m  30 m area of the SRR 

arrays. The illumination was unpolarized whereas the collection path polarizer was aligned along 

the gap of the SRRs. Each spectrum is normalized to the spectrum of transmitted signal through 

a nearby part of the sample that does not have any SRRs so as to correct for the spectrum of the 

IR radiation source.  
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The SRR acts like a resistive-capacitive-inductive (RLC) resonant optical circuit [119]. In 

general, they are of interest for their artificial magnetic properties in applications such as 

negative refraction [27,69,137,138]. Here we are interested in their ability to enhance electric 

fields in the near zone. Essentially, SRRs are optical antennas [117,139, 140] with a small 

footprint owing to their compact geometry compared to their linear optical antenna counterparts. 

The SRR resonance occurs when the perimeter of the SRR loop is a half integer multiple of the 

wavelength of optical current circulating in the metal. Therefore the SRR antenna resonance can 

be tuned by changing the radius and in turn the perimeter of the SRR. The other advantage of 

using SRRs as opposed to regular nanorod antennas is that SRRs naturally have a gap offering 

potentially larger nearfield enhancements.  

The transmission resonance of the five different SRR arrays fabricated with different radii 

cover wavenumbers in the range 2250-3000 cm-1 (Fig. 4. 6). Each IR spectrum is an average of 

50 different spectral scans with a 2 cm-1 resolution. By changing the radius of the SRRs, the 

plasmonic resonance can be tuned to allow for spectral overlap between SRR resonance and the 

ODT absorption spectrum. The SRR array resonance for 170 nm radius overlaps well with both 

symmetric and antisymmetric stretching vibrational modes of the ODT molecule.  

 

Fig. 4. 6: Measured transmittance for five SRR arrays with different diameters for polarization 

along the gap.  Vertical lines represent the position of ODT absorption peaks relative to different 

SRR spectra. 
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Having characterized the plasmonic resonance spectra of these pristine SRR arrays, we 

covered them with a monolayer of the ODT molecule. The samples were immersed in a 2.5 mM 

solution of ODT (Sigma-Aldrich, 98%) in ethanol (Sigma-Aldrich; anhydrous, 99%) for 3 hours. 

The deposition process is performed at room temperature. In order to remove the excess 

reactants the samples are then ultrasonically rinsed in ethanol and dried with nitrogen gas. The 

long ODT molecules form a 2.4 nm thick monolayer with their thiol headgroup chemisorbed on 

the gold surface. The molecular axis is slightly tilted with respect to the gold surface normal.  

The IR transmission measurements are performed on SRR arrays coated with the ODT 

monolayer using as FTIR microspectroscopy setup as described above. The IR spectra for SRR 

arrays are shown in Fig. 4. 7(a). The symmetric (2850-2863 cm-1) and antisymmetric (2916-

2936 cm-1) C-H stretching vibrational modes are manifested in the farfield SRR spectra 

allowing for the detection and the identification of the ODT molecules when the SRR resonance 

overlaps with the ODT absorption as in the case of 170 nm and 180 nm radii.  When the SRR 

resonance is detuned by changing the SRR radius from the ODT absorption, the vibrational 

strectching modes are hardly discernable in the IR spectrum. This resonant electromagnetic 

coupling mechanism is reminiscent of Fano resonances that originate from quantum mechanical 

interaction of a discrete state with a continuum of states [132,141].  

 

Fig. 4. 7: (a) Measured transmittance spectra for two different SRR arrays with radii 170 nm 

(blue), 180 nm (red), and 210 nm (green) with the SAM. Two peaks corresponding to ODT 

absorption are clearly visible.  (b) Close-up view of the resonance region in (a). 

 

For the case of strongest resonant coupling (r=170 nm), the contrast between the maximum 

and the minimum transmittance at the antisymmetric vibrational frequency is about 1.9%. This 
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contrast is a function of both the nearfield enhancement and the number of molecules adsorbed 

on the gold surface. Since the current approach relies on the molecular self-assembly process, 

signal contrast is limited by a monolayer for a given nearfield enhancement. Although this 

technique has single monolayer sensitivity, signal to noise ratio is essentially limited by the 

surface area of the region of highest nearfield enhancement. Based on the surface packing 

density of the ODT molecules of 22.2 Å 2/molecule and the gap surface area of a single SRR of 

23080 nm2, there are about 22,000 molecules corresponding to 40 zeptomoles per SRR. 

Here the only assumption is that the ODT signal originates primarily from the gap region where 

the nearfield is strongly confined.  

In summary, we demonstrate a new plasmonic detection technique that relies on the resonant 

electromagnetic coupling between a SRR and the IR vibrational modes of molecules. This 

technique‟s ability to provide spectral fingerprint information along with its extremely low 

detection limit offer many possibilities in future IR vibrational  spectroscopy on the nanoscale. 
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Chapter 5 Surface Plasmon Lithography 
 

5.1 Plasmonic Nano Lithography System 

The principle of surface plasmon lithography is that a laser exposes on the plasmonic lens 

which can focus beyond the diffraction limit, and the transmitted light through the plasmonic 

lens will expose on a media. Here the key technologies are plasmonic lens to overcome beyond 

the diffraction limit, gap control between a disk and a plasmonic lens because the transmitted 

light is evanescent wave which decays exponentially by the distance, and control of laser firing 

to synchronize between disk rotation and laser pulse to achieve an arbitrary pattern. 

The base PNL(Plasmonic Nano Lithography) system, the firing of a laser is synchronized 

with the position of the plasmonic flying as illustrated in the configuration shown in Fig. 5. 1. 

The ultra high speed firing of the laser is controlled by a high speed optical modulator controlled 

by the signal from a pattern generator, created according to the object to be written on the resist 

as predefined. The laser light illuminated upon the PL(plasmonic lens) is focused into a 

nanoscale spot. And the air bearing spindle on which the disk is mounted allows the resist-coated 

recording disk to be spun at extremely high-speeds equivalent to a disk linear velocity of several 

meters per second while maintaining the close proximity gap between lens and resist by use of 

the advanced airbearing surface (ABS) technique that allows the exposure of sub-wavelength 

details. The relative position of the head to the disk can be obtained from the angular position of 

the disk from the spindle encoder and the radial position of the nanostage, which holds the head. 

This position information is used to control the firing of the laser to achieve the desired pattern. 

The inorganic TeO2 based thermal type resist is used as the recording medium due to its superb 

mechanical properties, good sensitivity and high resolution.  

In particular for PNL, these issues such as data and pattern management, pattern positioning 

error control, need to be considered and addressed in order to achieve good system performance, 

including patterning accuracy, process reliability and manufacture throughput. In this work, 

several modularized subsystems were built in addition to the previously illustrated base. The 

shown PNL testbed was designed and optimized for an ultrafast pulsed laser, and it includes the 

laser pulse modulation system, pre-focusing monitoring and CW laser assisted system, 

mechanical and electronic adjustment system and the FH and light transmission monitoring 

system and the real testbed is shown in Fig. 5. 2. 

The first generation of the prototype system aimed for 50nm patterning resolution within a 

4-inch wafer. According to the International Technology Roadmap for Semiconductors (ITRS) 

lithography roadmap (2009 edition), the maskless requirements are the same as the wafer 

requirements except that the data volume is half that of an optical mask and the grid size is one-

quarter of the optical requirements. This leads to small critical dimension (CD) changes, high 

overlay accuracy between layers and sub-10 nm lithography tool positioning accuracy in both the 

radial and circumferential directions.  
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Fig. 5. 1: A schematic of the PNL experimental setup. The PL focuses ultraviolet laser pulses 

onto the rotating substrate by concentrating surface plasmons (SPPs) into nanoscale spots. An 

advanced airbearing surface (ABS) technology is used to maintain the gap between the lens and 

the substrate at 10 nm. A pattern generator is used to pick the laser pulses for exposure through 

an optical modulator according to the angular position of the substrate from the spindle encoder 

and the radial position of the flying head from a nanostage. 

 

 

 

Fig. 5. 2: Snap-shot of PNL base system 
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5.2 Design and fabrication of plasmonic lens 

5.2.1 Design of H-shaped PLs 

In the flying-head PL system, the PL is fabricated on a chromium thin film because 

chromium‟s exceptional mechanical properties can prevent damage of the PL when it flies with 

the flying head above the substrate. At the working wavelength of 355 nm, the propagation 

length of the surface plasmons on Cr surface is several hundred nanometers. To utilize the 

surface plasmons on a Cr film to enhance the transmission through the aperture, it is reasonable 

to design the PL with its diameter around 1 μm considering the limited propagation length of the 

surface plasmons on a Cr surface. Many studies [142,143,144] have been performed recently to 

obtain a sub-diffraction-limited spot with high transmission through a ridge aperture at optical 

wavelengths. In order to design a lens using Cr, we replace the circular aperture of the modified 

bull‟s eye PL with a ridge aperture to enhance the intensity of the focus spot by the PL. And only 

a few rings are needed to achieve reasonable performance.  

Our typical Cr-based PL has an H-shaped aperture surrounded by two rings as shown in Fig. 

5. 3(a). Fig. 5. 3(b) shows the E field intensity distribution at a plane 15 nm away from the 

surface of H-shaped aperture (calculated by commercial electromagnetic wave software, CST 

Microwave Studio). The central spot is the focus generated by the PL. The incident light 

intensity is 1 and the peak intensity of the focus spot is about 4.09. The size of the focus spot, 

which is defined by the full width of the half maximum (FWHM) intensity, is about 80 nm. The 

half-circular patterns in the intensity distribution are the direct transmission through the two 

rings surrounding the H-shaped aperture. The local maximum intensity at those patterns is about 

1.58 corresponding to a contrast ratio of 2.6. With the proper choices of nonlinearity of resist and 

exposure condition, their intensity can be well under the exposure threshold of the resist.  
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Fig. 5. 3: Typical H-shaped PLs. (a) The structure of one PL: H-aperture surrounded by two 

rings. The inset shows the parameters of the H-aperture. (b) E field intensity distribution at the 

plane 25 nm away from the PL.  

 

5.2.2 Fabrication of H-shaped PLs 

The fabrication of PL is mostly done by FIB (Focused Ion Beam) etch. Since the localized 

surface plasmon is sensitive to the dimension of PL, the process of FIB should be carefully 

controlled. Usually, the input dimension in FIB system mismatches with the etched dimension 

and its compensation method is essential to control well. Table 5. 1 shows the parameters of FIB 

i.e. beam current, writing sequence, stage axes, magnification, and pausing to release charged ion 

on the surface. 

Table 5. 1: Process parameters of FIB 

Parameter Level 

Current 4pA, 70pA 

Writing sequence Serial, parallel 

Stage axes Unlocked, locked 

Magnification x150k, x 250k 

Pausing 0sec, 30sec 
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 Fig. 5. 4 shows the effect of writing beam currents by 4pA and 70pA. The depth set same 

value, but the resolutions of pattern differ from the beam current. Higher beam current etches the 

material fast and it loses the resolution though the writing time is shortened. Therefore the lower 

beam current is chosen to achieve high resolution pattern. 

 

   

(a) 4pA                                                          (b) 70pA 

Fig. 5. 4: Effect of writing beam currents in FIB; (a) 4pA, (b) 70pA 

 

When FIB writes H shape aperture, this aperture is composed of three rectangles as Fig. 5. 5. 

In the serial writing mode, the ion beam etches a rectangle after finishing a previous rectangle, 

but in the parallel writing mode, the ion beam etches  layers of each rectangle  simultaneously. In 

many cases of serial mode, the etched material deposits around the etched area again and it 

results in the poor dimension control. From Fig. 5. 5 (a) shows the distortion of H-shaped 

aperture in the serial mode depending on the order of etching, but the apertures in parallel mode 

have same shape with respect to the writing sequence.  

Fig. 5. 5 (b) and (c) show the H-shaped PLs with different writing mode. As mentioned 

above, the PL in parallel mode written is better than the case of serial mode in terms of 

dimensional control. Therefore, parallel writing mode should be chosen to have high resolution 

PLs. 
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(a) Apertures with respect to writing mode 

 

   

(b) Serial writing                                           (c) Parallel writing 

Fig. 5. 5: Serial and parallel writing in FIB 
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Fig. 5. 6 shows the results with respect to the magnifications while pattern was writing. 

Because of the limitation of screen resolution, the pattern resolution is also influenced by the 

magnification. Higher magnification provides better dimension control as Fig. 5. 6 (a), therefore 

the maximum magnification should be chosen. By the way, the stage locking in a software and 

pausing effects are negligible.  

 

    

(a) Magnification: x250k                      (b) Magnification: x150k 

Fig. 5. 6: Effect of magnification in FIB 

 

The parameters of FIB setting were used as above the parameters for the above experiments. 

However, they are only the background to achieve the high resolution. To match dimensions 

between an input and real pattern, the dimensional compensation should be needed. Since this 

dimensional compensation can be different from the shape and size of pattern, the experiments 

were separated by the fabrication of outside rings and H-shaped aperture. 

Fig. 5. 7 shows the differences of the input dimension and the etched pattern dimension. It 

represented linear relationship, and to achieve 50nm of ring width, the input width of ring will be 

35nm.  At this time, other process parameters are chosen from the above experiments i.e. 4pA of 

beam current, x250k of magnification and parallel writing mode.  
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Fig. 5. 7: Dimensional differences between input and pattern width 

 

In addition, to obtain the exact dimensions of H-shaped aperture, width and gap of the 

antenna were set as the parameters, and the tests were done with changing these two parameters 

as Fig. 5. 8, The design values of the width and the length are 50nm, respectively. To etch the 

width, the both side will be etched and the length case needs to etch one side. Therefore, the 

dimensional compensations would be different and for the parameters, a and b as Fig. 5. 8 (a).  

To match the process specifications of the width and length of one side of antenna as Fig. 5. 1Fig. 

5. 8 (a), 16 different conditions of the test samples were done. Table 5. 2 shows the length and 

width of one side of antenna with respect to the parameters a and b after whole tests. Among 16 

test samples, 9 samples are similar to the designed dimension and the measurement were done 

for these 9 samples. 

Finally, the optimized input parameters of a and b are 60nm and 70nm respectively to make 

50nm of the width and length of one side of antenna as Fig. 5. 9. The important of this 

experiment is that it is possible to make the exact dimension of nano plasmonic structure with 

dimensional compensation as above. 
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Fig. 5. 8: Parameter matrix with width and gap of antenna 

 

Table 5. 2: Process parameters and the width and length of one side of antenna 

b               a 50 60 70 

60 
L 60.8 58.6 63.1 

W 65.3 56.3 63.8 

70 
L 47.3 49.5 56.3 

W 60.1 54.1 63.8 

80 
L 51.1 43.5 47.3 

W 61.6 56.3 63.8 
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Fig. 5. 9: The optimized input parameter of FIB and the final image of H-shaped aperture 

 

5.2.3 H-shaped PL with a Ring Reflector 

The generated surface plasmon from a grating spreads out to both sides of a grating. 

Therefore the energy into the center of circular gratings will be a half of total energy of 

generated surface plasmon initially. Here there is additional ring outside of circular gratings with 

a half period of the circular gratings, and it makes a destructive interference between the surface 

plasmons from the circular gratings and the added outer ring. This destructive interference 

prevents the energy flows outside of the circular rings and it plays a role of energy reflector and 

this ring is called as a ring reflector. Fig. 5. 11 shows Poynting vectors of the cases with and 

without a ring reflector. Comparing the enlarged figures at the bottom of the circular gratings, 

the propagating energy from the rings without the ring reflector is bigger than the case with a 

ring reflector. Based on the energy conservation, non-propagated energy to outside of the 

circular gratings will move to the other direction, the center of the rings as Fig. 5. 11 (b). Fig. 5. 

10 shows the field intensity distribution with Cr film and the peak intensity with a ring reflector 

in the center area is 5.28 which is 29% larger than the peak intensity without a ring reflector. 

The fabrication of this plasmonic lens is exactly same to the H-shaped aperture. The 

difference is to add one more ring with a half period of circular gratings. The dimensional 

compensation has applied that the input width of a ring is 35nm to make 50nm of width and the 

final structure is shown in Fig. 5. 12. 
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Fig. 5. 10: An example of H-shaped PL. (a) The structure of an improved PL design: H-aperture 

surrounded by two rings and a reflector ring. (b) E field intensity distribution at the plane 25 nm 

away from the PL.  

 

 

Fig. 5. 11: Poynting vector fields at the plane 25 nm away from the PLs. (a) The PL with two 

rings only (b) The PL with two rings and a reflector. The insets are the enlarged views of the 

pointing vector fields at the regions immediately outside the last ring of the two PLs.  
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Comparing the lens performance between the H-shaped at the focus spot size of 75 nm 

defined by the FWHM intensity, it is found that the optical intensity enhancement factor itself is 

already one order higher for the H-shaped PL. When we also consider the size differences 

between them (where the H-shaped PL is about 1 μm and the modified bull‟s eye is about 4 μm 

in diameter) for the same amount of laser total power input, the transmission efficiency through 

the H-shaped PL is about a few percent (1~2% at 25 nm away from the lens surface) which is 

two orders higher than that of the modified bull‟s eye design.  

 

  

 

Fig. 5. 12: SEM pictures of H-shaped PL with a ring reflector.  

 

5.2.4 Recessed H-shaped PL for Direct Line Patterning 

The peak intensity of H-shaped plasmonic lens happens in the end of antenna. Then, because 

of the symmetric design to have two same antennas, there will be two peak intensities. These 

multiple peaks can make the size of focus spot enlarged. The exposed pattern can be two lines 

from each peak or broadened to merge two peaks. Here, if there is way to block one of peaks, the 

focus spot will be a half of the two peaks case. Asymmetric design will be the answer of this 

purpose and one of examples of asymmetric designs is C-shaped aperture. However, since one 

side of C-shaped aperture is a side wall, the peak intensity is lower than H-shaped aperture and 

the focus spot is also larger. Another asymmetric design is the recessed H-shaped aperture whose 

one antenna is recessed. The modified H-shaped aperture is shown in Fig. 5. 13. In this design, 

the gap between the two ridges is enlarged to 80 nm which causes the original center spot to split 

into two rectangular short lines aligned to the edges of each ridge. One of the lines is attenuated 

by introducing a 15 nm recess to the associated ridge. As shown in Fig. 5. 13 (b), a asymmetric 

E-field is generated 15 nm away from the PL. And the focus spot size is about 20nm by 60nm 

with a contrast ratio of 2 comparing 80nm by 80nm of the symmetric H-shaped.  
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Fig. 5. 13: Recessed H-shaped PL design and performance. (a) Lens dimensions. (b) Light 

intensity profile at 15 nm distance from the PL. (c) and (d) Cross-section profiles.  
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Fabrication of the recessed H-shaped PL is based on those of H-shaped PL. However, this design 

needs the calibration of etching depth precisely as well as planar dimensional compensation. 

Since the material file in FIB system is not calibrated for Cr precisely, two parameters, etching 

sequence and input depth, were set to obtain the optimized condition as  

Fig. 5. 14. For the etching sequence, recess etch first or H shape etch first are chosen, and as 

shown in  

Fig. 5. 14, H shape first cases eliminate etched antenna. However, the recess etch first case still 

show the etched antenna and this condition is chosen. In addition, the different input depths are 

tested as Table 5. 3. The depths are measured by AFM as Fig. 5. 15 and the optimized input 

depth is 0.03um to make 15nm recess as Table 5. 3 and the final structure is shown in Fig. 5. 16. 

 

 

Fig. 5. 14: Test parameters to calibrate the etch depth 

 

Table 5. 3: Process parameter to calibrate etch depth 

Input 

depth 
0.03 0.05 0.07 

Recess 

depth 
14.8 nm 15.7 nm 16.9 nm 
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Fig. 5. 15 AFM image of the recessed H-shaped PL 

 

 

 

Fig. 5. 16: SEM picture of recessed H-shaped PL. 
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5.2.5 Push-Pin PL 

The localized surface plasmon on PLs makes the confined intensity and its size determines 

the resolution of lithography. This confinement depends on the gap and sharp shape of antennas 

strongly, but there is limitation to reduce the gap because of limitation of fabrication. In addition, 

the confined surface plasmon happens from the coupling of two antennas in planar direction, but 

the propagating direction to the media is vertical and the intensity decays exponentially with 

respect to the distance between PL and a media. Here the new design as called push-pin PL is 

proposed to have coupling between PL and disk directly. The structure is composed of circular 

gratings to collect surface plasmon into the center and a pin on the center to couple with a 

metallic media surface as Fig. 5. 17. This design is proposed to pattern sub 20nm features and it 

performs reasonably well for dielectric media as well as metallic media.  

The circular gratings are composed of 2 pairs of half rings and its period is a half wavelength 

shifted. The gratings of the push-pin designs seem to form a destructive interference instead of 

constructive interferences as in the case of the circular gratings in the previous bull‟s eye and H-

shaped designs. Although it seems to be contradictory to the previous approaches, this new 

design is better able to couple the SPP‟s oscillations in the presence of a metallic layer at its 

proximity. Most of the previous designs have the capability of focusing the SPP‟s energy to a 

nanoscale spot, but in the presence of a metallic resists/recording layer, their performance is 

usually impaired due to the interactions between the lens and the metallic layer.  

 In push-pin PL designs, the pin structure is placed at the center to further localize the 

SPPs utilizing both the lightning pole effect and antenna dipole interaction. Fig. 5. 17 shows an 

example design using gold for the wavelength of 633 nm. An enhancement of about 2000 times 

is achieved at the distance of 5 nm away from the pin. At a distance of 10 nm where the second 

gold surface is located, the enhancement factor is about 800 times. The transmission efficiency 

(ηL) is more than 80% which is significantly higher than for other designs at the same resolution 

and working distance.  
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Fig. 5. 17: An example of push-pin design using gold for the wavelength of 633 nm. (a) The 

dimensions of the PL design. (b) The base surface of the PL is placed 30 nm away from the other 

gold surface which leaves a clearance of 10 nm at the position of the pin. (c) An enhancement of 

2000 times is achieved at the distance of 5 nm away from the pin. (d) At a distance of 10 nm 

where the second gold surface is, the enhancement factor is about 800 times.  

 

Fig. 5. 18 shows a gold push-pin PL structure fabricated. Firstly, the pin structure is 

fabricated by electron beam lithography and lift off process. Then the sample moves into FIB to 

etch half rings with dimension compensation. The center pin has a diameter of 40 nm and a 

height of 30 nm. In order to examine the performance of this push-pin design, the fabricated lens 

is studied using aperture-less NSOM. In the experiment, the lens is illuminated from the backside 

at the wavelength of 633 nm with proper polarization. As shown in the figure, the evanescent 

component of the optical field is indeed concentrated at the pin tip. Because of the non-ideal 

shape of the NSOM tip, both the mapped topography and the optical field of the pin feature show 

a triangular shape due to the convolution effect. The mapped optical spot field has a size of 58 

nm by 105 nm, but the focus spot radius should be smaller than 50 nm judging from the radius of 

the spot corner which is consistent with our simulation results. It should be pointed out that the 
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aperture-less NSOM measurement represents only the nonlinear component of the evanescent 

field interacting with the NSOM tip above the lens top surface. The result cannot directly 

represent the performance of the structure. Also, a dielectric AFM tip was used in the aperture-

less NSOM measurement instead of using a metallic tip which could greatly enhance the 

structure response. Therefore, a direct lithography test is expected to give a more convincing 

result.  

 

 

Fig. 5. 18: Fabricated gold push-pin PL structure fabricated and its nearfield aperture-less NSOM 

studied. (a) SEM image. (b) AFM measured lens profile. (c) and (d) Superposed AFM 

measurement with aperture-less NSOM measurement.  
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5.3 Design and fabrication of flying head 

To realize high-speed scanning, air bearing technology, the similar technology being 

commonly used for magnetic recording head in the hard disk drive (HDD), was employed. In 

HDDs, the rotation of the disk creates an air flow along the slider‟s bottom surface, known as air 

bearing surface, which generates an aerodynamic lift force. This force is balanced with the 

suspension to retain a tiny gap called fly height (defined as the physical gap between read/write 

head and disk‟s top surface). Today's high capacity hard disk drives use air bearing sliders that 

fly reliably at sub 10 nm fly heights, and maintain a well controlled clearance across the disk. 

One of the key techniques of surface plasmon lithography is the design of a transparent 

slider to have a constant flying height over a disk with rigid air bearing stiffness and fabrication. 

In this work, slider‟s ABS was designed and optimized using the CML Air Bearing Simulator 

(CMLAir) for both static and dynamic performances [145,146,147]. The goal is to achieve a 

consistent fly height of 20 nm over a broad range of scanning speeds from 4 to 14 m/s due to the 

disk velocity reduces as the head goes to inner radius. Furthermore, their performances were 

optimized for minimum flying height fluctuation and roll angle, high bearing stiffness and 

damping, and low sensitivity to contamination and fabrication errors. Fig. 5. 19 shows the slider 

bearing surface design and the simulated air bearing pressure profile. The three-step ABS design 

consists of four-pad U-shape rails and a long front bar. Two large rear pads generate the peak 

repelling pressure to avoid possible physical contacts. Two front pads generate the steering 

repelling pressure to minimize roll angle and increase roll bearing stiffness. By throttling 

injecting air from leading edge, the long-bar design can significantly reduce slider‟s pitch angle, 

contamination sensitivities and also enhance slider‟s damping. The U-shape dual-rail design 

efficiently increases the overall negative force which improves both slider‟s stability and bearing 

stiffness. More other detail designs were made in order to achieve a consistent fly height across 

the disk. 
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(a)                                                                 (b) 

Fig. 5. 19: The ABS design (a) Oblique view. The topography is scaled up by 200 times for 

better illustration. (b) Normal air pressure and mass flow lines under ABS. The pressure is 

normalized to ambient air pressure. 

 

To increase throughput of lithography in serial writing, multiple PLs can be installed on the 

slider to expose beams on PLs simultaneously. However, since the gap between PL and a media 

is very sensitive to the intensity of localized surface plasmon to decay exponentially by the gap. 

Therefore the flying characteristics of the slider should have stable flying height(FH) with 

respect to the linear velocity to cover wide range of radial positions, and the roll and pitch angle 

should be zero. Fig. 5. 20 shows the FH and pitch and roll angle measurements together with 

simulation results. We observed that the FH is kept quite uniform over the velocity range 4 to 12 

m/s. The measured FH is in good agreement with the simulated ABS design performance where 

the slight variation from 18.0 nm to 20.4 nm, which is within the tolerance of 30 nm. The 

measured FH agrees well with the simulated ABS design performance. The parallelism of the 

ABS is determined by the roll and pitch angles of the ABS with respect to the substrate. When 

the linear velocity changes from 4 to 12 m/s, the experimentally measured roll and pitch angles 

vary from 0.15 µrad to -2.34 µrad and 61 µrad to 89 µrad, respectively, in good agreement with 

simulation design, which ensures the entire 1,000 lens array is within the 30nm gap tolerance. 
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Fig. 5. 20: FH measurement of fabricated plasmonic flying head. (a) Measured and calculated 

FH shows the slider maintains the FH at 20 nm, with scanning speeds between 4 and 12 m/s. (b) 

Measured and simulated pitch and roll angles at scanning speeds between 4 and 12 m/s. 

Agreement between experiment and simulation demonstrates that the parallelism achieved is 

within the gap tolerance of 30 nm over the whole area of the PL array and the substrate. 

 

The sapphire ABS was fabricated using micro-fabrication techniques as the fabrication 

procedures shown inFig. 5. 21. 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 

(a) 

(b) 



82 

 

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 4.5 um 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 7.3 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 15-nm 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 12-nm 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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Fig. 5. 21: ABS fabrication procedures 
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5.4 Fabrication of media disks 

It is developed that an inorganic thermal resist (TeO2)xTeyPdz [x≈80% wt., y≈10% wt., z≈10% 

wt.] as a positive thermal resist working with alkaline solution. 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 greatly and beneficially improved. 

In comparisons with organic photoresist, the new resist has mechanical properties close to glass 

which is much better than those of organic polymers in terms of Young‟s modulus and hardness. 

In addition, this inorganic resist can be deposited onto standard substrates using RF sputtering 

methods. This preparation method is critical because the resist layer and protective overcoats can 

be easily deposited sequentially in the same sputtering tool without breaking the vacuum which 

is important to avoid surface contaminations caused by exposure to the air. The ultimate resist 

resolution is mainly determined by the grain size and the spatial temperature profile. Using 

proper preparation method and exposure conditions, the obtained feature size can reach 10 nm or 

even smaller.  

In our application, the (TeO2)xTeyPdz layer was positioned using RF sputtering while 

flowing Ar and O2 gases. This deposition condition produces fine particles of the Te-Pd based 

materials and amorphous TeO2 homogeneously distributed inside the film. When the temperature 

raises to a level high enough to induce phase-change, Te-Pd based crystals will grow and TeO2 

becomes continuously distributed among Te-Pd based crystals. The phase change process is also 

associated with an optical transmission change. Because of the high etching rate of TeO2 in 

alkaline solution, the phase-changed materials can be developed by alkaline solution. But phase-

unchanged materials are not dissolved because the Te-Pd based fine particles are insoluble in 

alkaline solution and can stop the etching process.  
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5.5 Results and discussion 

5.5.1 Continuous Wave (CW) Laser Based Tests 

A CW laser was used for the purpose of a demonstration of the surface plasmon lithography. 

In this test, a 200-mW broadband UV CW laser (Argon laser, Spectra-Physics, operating at ~365 

nm UV broadband) beam was focused down to a several micrometer spot onto one of the 

modified bull‟s eye PLs, which further focused the beam to a sub-100 nm spot onto the spinning 

disk for writing of arbitrary patterns (Fig. 5. 22). The laser pulses are controlled by an electro-

optic modulator with timing by signals from a pattern generator. The writing location is 

determined by the angular position of the disk from the spindle encoder and the position of a 

high accuracy linear stage along the radial direction. We used the previously introduced TeOx 

based thermal resist deposited on a quartz wafer by magnetic sputtering. A high precision 

airbearing spindle (Stealth 2, Seagull Precision) was used to rotate the wafer at 2,000 rpm which 

is equivalent to the disk speed of 10 m/s at the outer radius. After pattern writing and 

development in diluted KOH solution, the exposed patterns were examined using an atomic force 

microscope. The result demonstrated that we can achieve high-speed patterning with 80 nm 

linewidth at 10 m/s (Fig. 5. 22 (a)) which is below the size of the far-field diffraction limit. Fig. 5. 

22(b) and (c) show patterning of arrays of the acronym “SINAM” with the feature size of 145 

nm.  
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Fig. 5. 22: Maskless Lithography by flying PLs at near field. (a) AFM image of pattern with 80 

nm line width on the TeOx based thermal photoresist. (b) AFM image of arbitrary writing of 

“SINAM” with 145 nm line width. (c) Optical micrograph of patterning of the large arrays of 

“SINAM”.  
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In order to achieve even smaller writing linewidths, as shown in the right hand part of Fig. 5. 

23, a dual-spot PL (top-left) was designed for sub-30 nm lines writing. Under a plane wave 

illumination, this PL produces two hot spots (top-middle), and under off-center illuminations 

(bottom-left) it produces only one very narrow single elliptical hot spot (bottom-middle) which 

can be used to writing narrow lines. The right figure shows an AFM image of the achieved 

lithography result of semi-dashed lines modulated between 20 nm and 30 nm in width and 1 μm 

in period.  

 

 

 

Fig. 5. 23: A dual-spot PL for sub-30 nm lines writing. Top-left figure shows the lens geometry. 

Under plane wave illumination, this design produces two hot spots (top-middle) and with off-

center illuminations (bottom-left) it produces one very narrow single elliptical hot spot (bottom-

middle). The right figure shows the AFM image of the lithography result of semi-dashed lines 

modulated between 20 nm and 30 nm in width and 1 μm in period.  
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5.5.2 Ultrafast Laser Based Tests 

In order to fulfill the real-world application needs, as presented in the earlier chapter, a new 

high-throughput maskless nanolithography system was developed with 22 nm half pitch 

resolution patterning capability. A 10-mW picosecond pulsed UV laser beam(Vanguard, Spectra-

Physics, 355 nm wavelength, 12 ps pulse duration, 80 MHz repetition rate) was used as the 

exposure light source, to manage the critical laser dose and thermal diffusion in order to achieve 

good pattern contrast, uniformity and small feature size. During the lithographic process, a 

spindle was used to rotate the substrate with the resist at 2,500 rpm, corresponding to disk speeds 

of 4~14 m/s at different radii. The laser pulse train was also probed by an ultrafast photodetector 

to provide the external clock for the FPGA-based pattern generator for the purpose of improving 

the pattern stitching accuracy. After the PNL experiment, the exposed patterns were developed in 

diluted KOH solution and examined using an AFM. Using the H-shaped PL, we achieved 50 nm 

wide line writing.  Fig. 5. 24shows the AFM image of a group of 50 nm wide lines with 20 nm 

depth.  

 

 

Fig. 5. 24: AFM images of (left) a group of 50 nm wide lines with 20 nm depth  

 

The performance of the H-shaped PL can be further improved by adding the ring reflector as 

discussed previously.  Fig. 5. 25 (a) shows the AFM image of a typical PNL result of a train of 

closely patterned dots obtained using the improved PL design with which the resists work at a 

positive tone. Due to the relatively large radius of the AFM tips, the real pattern edge sharpness 

and pattern depth cannot be resolved. However, one can determine the pattern‟s periodicity, 

which is measured to be 44 nm. The pitch size is in excellent accord with the experimental 

conditions (at a relative substrate velocity of 3.5 m/s and a laser pulse repetition rate of 80 MHz), 

thus each dot is generated by a single laser pulse (~100 pJ/pulse). Although there are some dot 

size variations caused by the finite shutter rising time of the optical modulator and pulse-to-pulse 

heat accumulation effects, from this result we can conclude that we have indeed successfully 

achieved ~22 nm half pitch resolution for closely packed dot arrays.  
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 Fig. 5. 25 shows the AFM image of closely patterned dots at 27 nm half pitch using resists 

working at negative tone. We have also demonstrated line patterning at 30 nm full width at half 

maximum (FWHM) as shown by the AFM image in Fig. 5. 25(c). It was written at both higher 

laser power and higher pattern spatial frequency to allow the dots to merge into continuous lines. 

It should be noted that pattern edge sharpness can be greatly improved by the optimization of 

resist exposure threshold and developing conditions.  

 

 

   

 

Fig. 5. 25: PNL results. (a) The AFM image of closely packed dots with a 22 nm half pitch. (b) 

The AFM image of closely packed dots with 27 nm half pitch size. (c) The AFM image of 

arbitrary pattern writing at 30 nm linewidth. 
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Chapter 6  Fabrication Techniques 
 

6.1 Terahertz Chiral Metamaterial 

The dimensions of terahertz chiral metamaterial is from several micrometer to tens of 

micrometer and its fabrication method is suitable for conventional MEMS fabrication techniques. 

The basic techniques are composed of photolithography, thin film deposition, and etch processes 

and additionally, electroplating process is added. In this chapter, the fabrication processes are for 

THz chiral metamaterial and will be the base of the fabrication of the switchable chiral 

metamaterial. 

6.1.1 Substrate preparation 

The chiral metamaterial uses Si wafer wafer whose thickness is 500um. Initially, the 

substrate wafer needs to be cleaned to remove organic, metallic, and oxidized contaminants. It is 

put into piranha solution, mixture of sulfur acid and hydrogen peroxide at 120 degree of Celsius 

for 10min. Rinse with deionized water is following and it is put into 5:1 BOE (buffered oxide 

etchant) for 1min to remove a native oxide layer. The water rinse treats it again and spin dry step 

is the final step of cleaning of the substrate preparation. Since Si is semiconductor and can have 

electro conductivity, 100nm of silicon oxide is deposited on the Si substrate by CVD method to 

isolate the structures from Si substrate as Fig. 6. 1 Silicon Fig. 6. 1. 

 

 

Fig. 6. 1 Silicon oxide on Si substrate 

 

 

6.1.2 Deposition of electrode 

Electroplating will be used to make Au pillars afterwards, and it needs an electrode layer on 

the substrate. Aluminum layer is deposited on the substrate by a sputter machine with 300W, 

3mTorr for 40min to make 600nm of total thickness as Fig. 6. 2. 
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Fig. 6. 2: Deposition of electrode 

 

6.1.3 Definition of Au pads 

300nm of Au pads will be defined on the Si pads as Fig. 6. 3. LOR 10A is spun on the 

substrate and baked at 170 degree of Celsius for 5min. This resist play a role of making negative 

angle of resist to make lift-off process easily. Rohm and Haas S1818 positive resist is spun on 

the surface and baked at 110 degree of Celsius for 2min. Karl-Suss MA6 mask aligner exposes 

UV light with vacuum contact mode for 120mJ/cm2 of g-line and the UV exposed area is 

developed by the developer MF-26A for 110sec and rinsed by DI water. 

Au deposition is following by electron beam evaporator and Cr is deposited prior to deposit 

Au for enhancing adhesion. The thicknesses of Cr and Au are 10nm and 300nm respectively. 

PRS-3000 is used for lift-off at 70 degree of Celsius for 6 hours.  

 

     

Fig. 6. 3: Definition of Au pads 
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6.1.4 Definition of contacts 

Electroplating solution attacks aluminum electrode layer easily and the electrode layer 

should be protected from this solution. SOG (spin on glass), Futurex IC1-200, is spun on the 

substrate with 2500rpm and baked at 170 degree of Celsius for 15min. SOG can be used for low 

temperature process and it rarely makes Au pads damaged thermally.  

To define contacts to open holes for pillars afterwards, OCG825 g-line photoresist is spun on 

the substrate and baked at 90 degree of Celsius for 90sec. Karl-Suss MA6 mask aligner exposes 

UV light with vacuum contact mode for 50mJ/cm2 of g-line and the UV exposed area is 

developed by the developer OCG 934 for 60sec. 

SOG is to be etched by RIE (Reactive Ion Etcher; PTHERM) with the gases of CHF3 

60sccm and O2 4sccm, the power of 300W, and time of 20min. The etched patterns are 

examined by optical microscope and the mask photoresist will be removed by photoresist 

remover, PRS-3000 for 30min at 70 degree of Celsius. After the whole processes, piranha 

cleaning and DI water rinse are following to clean the substrate as Fig. 6. 4. 

 

 

Fig. 6. 4: Definition of contacts 

 

6.1.5 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 degree of Celsius for 5min. Karl-Suss MA6 mask aligner exposes 

UV light with vacuum contact mode for 50mJ/cm2 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 degree of Celsius for 15min. 

Oxygen plasma etching is following to remove residual of SU-8 on the surface of the 

substrate with 300W for 1min at Technics-C. 
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Fig. 6. 5: Definition of SU-8 mold 

 

6.1.6 Electroplating 

Au pillars are grown by electroplating process as Fig. 6. 6. The electroplating solution uses 

Trensene Pure Gold SG-10 for 60 degree of Celsius. 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. 

 

   

Fig. 6. 6: Electroplating of pillars 
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6.1.7 Definition of Au bridge 

300nm of Au pads will be defined on the Si pads as Fig. 6. 7. LOR 10A is spun on the 

substrate and baked at 170 degree of Celsius for 5min. This resist play a role of making negative 

angle of resist to make lift-off process easily. Rohm and Haas S1818 positive resist is spun on 

the surface and baked at 110 degree of Celsius for 2min. Karl-Suss MA6 mask aligner exposes 

UV light with vacuum contact mode for 120mJ/cm2 of g-line and the UV exposed area is 

developed by the developer MF-26A for 110sec and rinsed by DI water. 

Au deposition is following by electron beam evaporator and Cr is deposited prior to deposit 

Au for enhancing adhesion. The thicknesses of Cr and Au are 10nm and 300nm respectively. 

PRS-3000 is used for lift-off at 70 degree of Celsius for 6 hours.  

 

     

Fig. 6. 7: Definition of Au bridges 

 

6.1.8 Post electroplating and dicing 

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 degree of 

Celsius. 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. 
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6.1.9 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 Fig. 6. 8. 

 

     

Fig. 6. 8: Release of the structure 
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6.2 Terahertz Switchable Chiral Metamaterial 

The fabrication processes are for the switchable chiral metamaterial and the difference of 

THz chiral metamaterial is to add the step of Si pad in the beginning and the other processes are 

same. 

6.2.1 Substrate preparation 

The chiral metamaterial uses Si wafer for a substrate and the switchable chiral metamaterial 

uses SOS (Silicon on Sapphire) wafer whose thickness of Si is 0.6um. Initially, the substrate 

wafer needs to be cleaned to remove organic, metallic, and oxidized contaminants. It is put into 

piranha solution, mixture of sulfur acid and hydrogen peroxide at 120 degree of Celsius for 

10min. Rinse with deionized water is following and it is put into 5:1 BOE (buffered oxide 

etchant) for 1min 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 Fig. 6. 9.  

 

Fig. 6. 9: Silicon on sapphire substrate 

 

 

6.2.2 Definition of Si pads 

Si pad plays a role of a switching device by external pumped laser. This step is skipped for 

THz chiral metamaterial but only for the switchable chiral metamaterial. To define this pad, 

OCG825 g-line photoresist is spun on the substrate and baked at 90 degree of Celsius for 90sec. 

Karl-Suss MA6 mask aligner exposes UV light with vacuum contact mode for 50mJ/cm2 of g-

line and the UV exposed area is developed by the developer OCG 934 for 60sec. 

Si is to be etched by RIE (Reactive Ion Etcher; PTHERM) with the gases of SF6 60sccm and 

O2 6sccm, the power of 100W, and time of 90sec. The etched patterns is examined by optical 

microscope and the mask photoresist will be removed by photoresist remover, PRS-3000 for 

10min. After the whole processes, piranha cleaning and DI water rinse are following to clean the 

substrate as Fig. 6. 10. 
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(a)                                                                    (b)  

Fig. 6. 10:  Definition of Si pads: (a) After Si pads, (b) Optical Microscope image 

 

6.2.3 Deposition of electrode 

Electroplating will be used to make Au pillars afterwards, and it needs an electrode layer on 

the substrate. Aluminum layer is deposited on the substrate by a sputter machine which can give 

good step coverage on Si pads. The process is composed of two different recipes. One is for 

conformal deposition with high pressure, and the other is fast deposition with low pressure. The 

sputter machine, Edwards, is used and its recipes are Ar 30sccm, power of 100W, and time 

40min for conformal deposition and Ar 10sccm, power of 300W, and time of 15min for fast 

deposition to make 400nm of total thickness as Fig. 6. 11. 

 

         

Fig. 6. 11: Deposition of electrode 

 

6.2.4 Definition of Au pads 

300nm of Au pads will be defined on the Si pads as Fig. 6. 12. LOR 10A is spun on the 

substrate and baked at 170 degree of Celsius for 5min. This resist play a role of making negative 
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angle of resist to make lift-off process easily. Rohm and Haas S1818 positive resist is spun on 

the surface and baked at 110 degree of Celsius for 2min. Karl-Suss MA6 mask aligner exposes 

UV light with vacuum contact mode for 120mJ/cm2 of g-line and the UV exposed area is 

developed by the developer MF-26A for 110sec and rinsed by DI water. 

Au deposition is following by electron beam evaporator and Cr is deposited prior to deposit 

Au for enhancing adhesion. The thicknesses of Cr and Au are 10nm and 300nm respectively. 

PRS-3000 is used for lift-off at 70 degree of Celsius for 6 hours.  

 

     

Fig. 6. 12: Definition of Au pads 

6.2.5 Definition of contacts 

Electroplating solution attacks aluminum electrode layer easily and the electrode layer 

should be protected from this solution. SOG (spin on glass), Futurex IC1-200, is spun on the 

substrate with 2500rpm and baked at 170 degree of Celsius for 15min. SOG can be used for low 

temperature process and it rarely makes Au pads damaged thermally.  

To define contacts to open holes for pillars afterwards, OCG825 g-line photoresist is spun on 

the substrate and baked at 90 degree of Celsius for 90sec. Karl-Suss MA6 mask aligner exposes 

UV light with vacuum contact mode for 50mJ/cm2 of g-line and the UV exposed area is 

developed by the developer OCG 934 for 60sec. 

SOG is to be etched by RIE (Reactive Ion Etcher; PTHERM) with the gases of CHF3 

60sccm and O2 4sccm, the power of 300W, and time of 20min. The etched patterns are 

examined by optical microscope and the mask photoresist will be removed by photoresist 

remover, PRS-3000 for 30min at 70 degree of Celsius. After the whole processes, piranha 

cleaning and DI water rinse are following to clean the substrate as Fig. 6. 13. 
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Fig. 6. 13: Definition of contacts 

6.2.6 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 degree of Celsius for 5min. Karl-Suss MA6 mask aligner exposes 

UV light with vacuum contact mode for 50mJ/cm2 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 degree of Celsius for 15min. 

Oxygen plasma etching is following to remove residual of SU-8 on the surface of the 

substrate with 300W for 1min at Technics-C. 

 

      

Fig. 6. 14: Definition of SU-8 mold 

 

6.2.7 Electroplating 

Au pillars are grown by electroplating process. The electroplating solution uses Trensene 

Pure Gold SG-10 for 60 degree of Celsius. Generally, since the lower electric current gives better 
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surface quality of Au, 1mA of electric current is used for 45 minutes. DI water rinse is the post 

of the electroplating process. 

 

    

Fig. 6. 15: Electroplating of pillars 

 

6.2.8 Definition of Au Bridge 

300nm of Au pads will be defined on the Si pads as Fig. 6. 16. LOR 10A is spun on the 

substrate and baked at 170 degree of Celsius for 5min. This resist play a role of making negative 

angle of resist to make lift-off process easily. Rohm and Haas S1818 positive resist is spun on 

the surface and baked at 110 degree of Celsius for 2min. Karl-Suss MA6 mask aligner exposes 

UV light with vacuum contact mode for 120mJ/cm2 of g-line and the UV exposed area is 

developed by the developer MF-26A for 110sec and rinsed by DI water. 

Au deposition is following by electron beam evaporator and Cr is deposited prior to deposit 

Au for enhancing adhesion. The thicknesses of Cr and Au are 10nm and 300nm respectively. 

PRS-3000 is used for lift-off at 70 degree of Celsius for 6 hours.  

  

Fig. 6. 16: Definition of Au bridges 
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6.2.9 Post electroplating, release and dicing 

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 degree of 

Celsius. 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. 
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6.2.10 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 Fig. 6. 17. 

 

      

Fig. 6. 17: Release of the structure 
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6.3  High resolution EBL lift-off techniques 

6.3.1 Cold development 

In many cases of EBL (Electron Beam Lithography), lift-off process is used to define 

patterns because this process doesn‟t need an etch process and 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. 

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 Fig. 6. 18 (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 [148,149]. This process helps the vertical 

angle make negative to prevent side wall deposition and the fine patterns can be obtained as Fig. 

6. 18 (b). 

 

       

(a) Room temperature                    (b) Low temperature 

Fig. 6. 18: The effect of the temperature of a developer148; (a) Room temperature, (b) Low 

temperature 

 

To prove this scheme, FEI Quanta SEM with NPGS writer is used with PMMA A3 resists. 

The temperature of a developer is 0 degree of Celsius and the development time is 3 times longer 

than the case of the room temperature. Fig. 6. 19 (a) shows the sample developed by room 

temperature and Fig. 6. 19 (b) shows the sample developed by cold temperature. The room 

temperature 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. 
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(a) Room temperature                                   (b) Cold temperature 

Fig. 6. 19: The comparison of the temperature of developer 

 

The other examples are shown at Fig. 6. 20 to use cold development process and this process 

has improved the quality of EBL lift-off process much. 

 

     

(a) Split ring resonator                        (b) EIT                              (c) Multiplexer        

Fig. 6. 20: Examples of the structure made by cold development process 
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6.3.2 Bi-layer MMA-PMMA resists process 

The cold development process can make negative angle of resist‟s side wall to make a fine 

pattern, but if the temperature goes up in the middle of development process or the temperature 

is not enough low, the vertical profile can affect 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 is as follows as Fig. 6. 21. 

 

       

(a) Coat MMA and PMMA                             (b) E-beam exposure 

 

       

(c) Development                             (d) Depositing material 

 

 

(e) Lift-off 

Fig. 6. 21: The process flow of bi-layer process: MMA-PMMA 
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Firstly, MMA and PMMA are spun on the substrate in order as Fig. 6. 21 (a), and electron 

beam will be exposed on the top surface as Fig. 6. 21 (b). Because of different sensitivity to 

electron beam, the width of patterns in MMA will be wider than in PMMA as Fig. 6. 21 (c), and 

it prevents material deposited on the side wall as Fig. 6. 21 (d). Finally, the lift-off pattern can be 

obtained and a very fine pattern can be obtained as Fig. 6. 22. Fig. 6. 22 (a) shows the lift off 

pattern using a single layer of PMMA with cold development and Fig. 6. 22 (b)~(d) shows the 

pattern using bi-layer MMA-PMMA process. 

 

    

(a) Result of Single PMMA layer               (b) Result of bi-layer MMA-PMMA 

    

(c) Result of bi-layer MMA-PMMA           (d) Result of bi-layer MMA-PMMA 

Fig. 6. 22: Example of bi-layer MMA-PMMA process 
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6.3.3 Bi-layer resist process: PMMA-MMA 

Bi-layer, PMMA-MMA process can provide the fabrication of 3 dimensional structures. 

Since MMA is much more sensitive than PMMA, the lower dose will only react with MMA, the 

top layer and the higher dose will react both MMA and PMMA layers. The schematic process is 

as follows as Fig. 6. 23. 

 

      

(a) Coat PMMA and MMA in order                (b) Exposure low dose 

 

      

(c) Exposure high dose                             (d) Development 

 

      

(e) Deposit material                                       (f) Lift-off 

Fig. 6. 23: The process flow of bi-layer process: PMMA-MMA 

 

Firstly, PMMA and MMA are spun on the substrate in order as Fig. 6. 23 (a), and low dose 

of electron beam will be exposed on the top surface as Fig. 6. 23 (b). This low dose of energy 
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only reacts with MMA layer. The higher dose of electron beam will be exposed and this dose 

will react with both MMA and PMMA layers as Fig. 6. 23 (c). After development process, the 

low dose area of MMA layer and the high dose area of PMMA layer will be developed as Fig. 6. 

23 (d) and material will be deposited on the structure as Fig. 6. 23 (e). Finally, the lift-off pattern 

can be obtained and a 3 dimensional structure can be obtained as Fig. 6. 24.  

 

    

Fig. 6. 24: Example of bi-layer PMMA-MMA process 

 

Using this bi-layer process, the bridge structure can be fabricated as Fig. 6. 24 by one time 

alignment process, and other over hanging structure can be designed and fabricated by this 

process easily. 
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6.4  High precision EBL alignment 

6.4.1 Location of alignment marks 

For the overlay alignment, at least two alignment marks are needed and their positions 

would determine the alignment accuracy. In this study, the mis-alignment with respect to the 

locations of alignment marks will be investigated and the best position will be obtained. There 

are three different locations of alignment marks as Fig. 6. 25.  

                                        

(a) X:0mm, Y:0.1mm                                    (b) X:0mm, Y:10mm 

(b)  

 

(c) X:10mm, Y:10mm 

Fig. 6. 25: Locations of alignment marks 
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From Fig. 6. 25, the crosses represent each alignment mark, and the square represents a 

pattern area. Fig. 6. 25 (a) shows that the distance of alignment marks is 100um for only y 

direction, Fig. 6. 25 (b) shows that the distance of alignment marks is 10mm for only y direction, 

and Fig. 6. 25 (c) shows that the distance of alignment marks is 10mm for both x and y directions. 

Each case tested 10 times and the mis-alignments were measured by SEM as Fig. 6. 26. 

 

       

(a) 1st layer                                                    (b) 2nd layer 

 

(c) Result of alignment test 

Fig. 6. 26: Alignment test pattern 
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The alignment test pattern is composed of 1st and 2nd layers as Fig. 6. 26 (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 Fig. 6. 26 (c), the matched bars 

are located on +70nm position of x direction, and -65nm position of y direction. For each case of 

different alignment mark positions, at least 10 times experiments were done and the standard 

deviations of each case are as follows as Table 6. 1. 

 

Table 6. 1: Standard deviations of different locations of alignment marks 

 X:0mm Y:0.1mm X:0mm Y:10mm X:10mm Y:10mm 

σx 20.5nm 9.8nm 4.7nm 

σy 36.3nm 3.9nm 4.6nm 

 

Table 6. 1 shows that the mis-alignment decreases as the distance of alignment marks 

increases. The case of X:0mm and Y:10mm shows much smaller mis-alignment of the case of 

X:0mm and Y:0.1mm, but mis-alignment of x direction is larger than y direction. By the way, 

the case of X:10mm and Y:10mm shows similar mis-alignment for x and y direction, therefore 

large distance of alignment marks and the same separation to x and y directions provides smaller 

mis-alignment.  

  

6.4.2 Alignment offsets 

From the 6.4.1, the optimized location of alignment marks is obtained to minimize deviation 

of mis-alignment. In this chapter, using the above 6.4.1, the offsets for x and y direction will be 

obtained. The 6 different offsets for x and y directions were tried and each case plots as Fig. 6. 

27. 

  

(a) X direction offset                                        (b) Y direction offset 

Fig. 6. 27: Mis-alignment offsets for x and y directions 
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Fig. 6. 27 shows the relation between the offsets and the real shifts for x and y directions, the 

final offsets of x and y directions are -22nm for x direction and -8nm for y direction. Using the 

optimized location of alignment marks and offsets, the alignment test were performed as Table 6. 

2 and it shows the mis-alignment is under 10nm for x and y directions. Each sample has 3 

different positions of calipers to check uniformity of mis-alignment. Fig. 6. 28 shows the SEM 

picture of mis-alignment with the optimized conditions. 

 

Table 6. 2: Mis-alignment with the optimized conditions 

Sample Position X shifted Y shifted 

#01 

-50um 0 5 

0 0 5 

50um 0 10 

#02 

-50um 5 0 

0 5 0 

50um 5 0 

#03 

-50um 0 5 

0 0 5 

50um 0 5 

 

 

 

Fig. 6. 28: Mis-alignment with the optimized conditions 
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6.5  Multilayer EBL technique 

6.5.1 Interlayer: SU-8 

Multilayer structure needs two key technologies. One is accurate alignment and the other is 

planarization of an interlayer. The interlayer is usually used for dielectric material like SiO2, 

MgF2, and their deposition methods are evaporation, CVD, and sputtering. However, these 

methods deposit material conformally or directionally and additional planarization process is 

needed like polishing. Polymer interlayer can take place this functionality for a interlayer [42]. 

This polymer material needs the characteristics of dielectric, planar surface, low viscosity, 

optical transparency, chemically inert, and easy process. In this study, SU-8 is proposed for this 

purpose and its characteristics are as follows as Table 6. 3: Characteristics of SU-8 2000 [150]. 

Table 6. 3: Characteristics of SU-8 2000 

 SU-8 2000 

Dielectric Constant, 1GHz, 50% RH 4.1 

Viscosity Variable by diluting  

Optical transmittance >95% from  =480nm 

Chemical inert Excellent 

Softening point (degree of Celsius) 210 

Young’s modulus (GPa) 2.0 

 

Additionally, since SU-8 is a photo imaginable resist, the area of an interlayer can be 

patternable for any purpose. The thickness of SU-8 can be adjusted by diluting with thinner 

solvent. Since the minimum thickness of the commercial product provides 0.5um, the diluting 

should be done in house. Fig. 6. 29 shows thickness of resists by rotational speed with respect to 

volume percent of diluting SU-8 2000.5 with SU-8 2000 thinner.  

 

Fig. 6. 29: Thickness by spin speed with respect to the volume percent dilution 
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6.5.2 Planarization 

SU-8 is spun on the substrate and baked, but if there is no crosslink process by UV exposure, 

the resist can be reflowed and planarized by thermal treatment. This reflow process makes the 

initial thickness changed into the target thickness. Fig. 6. 30 shows the schematic process of 

planarization and changes of thickness. 

 

              

(a) Spin on a flat surface                                (b) Spin on a surface with patterns 

 

(c) After reflowing 

Fig. 6. 30: Resist thickness changes after reflow 

 

The initial thickness depends on the spin speed and it is determined by boundary layer flow 

as Fig. 6. 30 (a). Hence, after spin coating, the thickness of a resist will be same on the field and 

on the patterns as Fig. 6. 30 (b). Through the thermal treatment process, the resist will be flat by 

reflowing and, the target thickness on the pattern can be obtained. Here, the total areas of the 

field(         and patterns(         ), the thickness of the patterns(         ), and the target 

thickness(      ) are known so that the spun thickness(     ) and spin speed can be obtained. 

After spin coat, the volume of resist on the field and pattern is as follows. 

spinfieldspinpatternspinpatternfieldinit tAtAtAAV  )(
    (6.1)

 

After thermal treatment, the surface will be flat and the volume of resist on the field and 

pattern is as follows. 
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finalpatternfinalpatternpatternfieldfinal tAttAAV  )()(
   (6.2)

 

The volume should be conservative, then the spun thickness can be obtained. 

finalpattern

field

pattern

spin tt
A

A
t  )1(

      (6.3)

 

The spun speed can be determined by the volume percent of diluting and spin speed.  

 

Fig. 6. 31 shows surface profile of the surface of before spin coating and after the 

planarization process. The height of the pattern is over 30nm, but the roughness of the surface 

after planarization is under 2nm. Therefore, SU-8 can be planarized well on the patterns. 

 

 

(a) Before planarization 

 

(b) After planarization 

Fig. 6. 31: Surface profile change after planarization 
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6.5.3 Process Results 

SU-8 needs a crosslinking step to harden the material by UV exposure. The resist is spun on 

the substrate and it will wait for 5min to help reflowing. The substrate will be baked at 95 degree 

of Celsius on a hot plate for 5min. The substrate will be cooled down and baked again with the 

95 degree of Celsius for 5min. This heat treatment will continue for 5 times. Then, i-line of UV 

will be exposed on the substrate for over 100mJ/cm2 and the substrate will be baked at 95 degree 

of Celsius for 5min to make the resist crosslinked. The hard bake step is follows with 200 degree 

of Celsius for 20min and the substrate will be cooled down slowly. 

Fig. 6. 32 shows the comparison of SiO2 interlayer without planarization as Fig. 6. 32 (a) 

and SU-8 interlayer with planarization as Fig. 6. 32 (b). The case of the SiO2 interlayer shows 

the pattern of the second layer is not flat and following the profile of the first layer, but the case 

of the SU-8 interlayer shows the pattern of the second layer is flat on the planarized interlayer. 

 

    

(a) SiO2 interlayer                             (b) SU-8 interlayer 

Fig. 6. 32: Comparison of the interlayer of SiO2 and the interlayer of SU-8 
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6.6 Random Bar Generation 

To generate randomly distributed bars, MATLAB was used and it generated 3 random 

numbers for the center positions for x and y, and the angle of a bar. However, the duplications of 

bars would happen and it might result in causing unexpected results or other modes. Therefore, 

the code was needed to prevent this duplication with geometrical calculations. 

Since any bottom and top bars will not duplicate with any other bottom and top bars, a pair 

of a bottom and a top bars will be assume as one bar. The length of this bar will be the sum of the 

bottom and top bars minus overlap length. After generating this bar, another binary random 

number will be produced to determine the direction of the bottom or top bars. The details of this 

procedure will be explained as follows. 

 When a new bar that includes a bottom and a top bars is generated with a previous 

generated bar as Fig. 6. 33 (a), the center position and angle of the pre-existed bar would be 

           and the new bar‟s center position and angle would be                   as Fig. 6. 33 

(a) which shows the pre-existed bar (blue painted) and the newly generated bar. Before 

determining the duplication between the pre-existed bar and the generated bar, the positions and 

angles of the pre-existed and the generated bars will move to the origin (0,0) and set the angle of 

the pre-existed bar parallel to x-axis as Fig. 6. 33 (b) temporarily to simplify the calculation. 

Then, the temporary position and angle of the center of the generated bar will be as follows. 

 

Temporary angle of the generated bar: 
inewrel    

Temporary position of the center of the generated bar:  
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(a) Generation of a new bar with a pre-existed bar 

 

 

 

(b) Movement to origin position and parallel to x-axis 

 

Fig. 6. 33: Generation a new bar and transformation of coordination 
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There will be three cases of duplication as Fig. 6. 34. One is the overlapped case as Fig. 6. 

34 (a), another is the contact case as Fig. 6. 34 (b), and the other is the separated case as Fig. 6. 

34 (c).  

 

 

(a) Overlapped 

 

 

(b) Contacted 

 

 

(c) Separated 

Fig. 6. 34: Modes of duplications 
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To determine overlaps, Then, the criteria of overlaps will be as Fig. 6. 35 which shows the 

trace of the center of the generated bar with red line for the case of contact between two bars. 

When the center of the generated bar is out of the red line area, two bar will be separated, 

otherwise two bars are overlapped.  Here, the x and y position of intersecting lines in red trace 

can be defined and calculated. In addition, this criteria should be separated by the sign of       as 

Fig. 6. 35 (a) and (b) and the definition of x and y position will also be different. 

The position of each corner of the generated bar is as follows. 

)sin(*
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)cos(*1 temptemptemp

h
wxx    

)cos(*
2
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h
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2
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Using these positions, the intersecting position of x and y and the criteria can be calculated 

with respect to the sign of      . 
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(a)        
 

 

(b)        

Fig. 6. 35: Criteria of overlaps 
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When the sign of       is positive, the intersecting positions are as follows. 
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The overlaps happen at when the center position matches one of any following cases. 

21 XxX temp   and  16 YyY temp   

32 XxX temp   and  15 YyY temp   

43 XxX temp   and 25 YyY temp 
      (6.7)

 

54 XxX temp   and 24 YyY temp   

65 XxX temp   and 34 YyY temp   
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Also, when the sign of       is negative, the intersecting positions are as follows. 
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The overlaps happen at when the center position matches one of any following cases. 

21 XxX temp   and  65 YyY temp   

32 XxX temp   and  15 YyY temp   

43 XxX temp   and 14 YyY temp 
      (6.9)

 

54 XxX temp   and 24 YyY temp   

65 XxX temp   and 23 YyY temp   
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The minimum gap can be defined by changing the new width and length of a bar temporarily 

as Fig. 6. 36 and the following equations. 

                                   (6.10) 

                                     (6.11) 

 

 

 

Fig. 6. 36: Definition of a minimum gap 

 

The generated bar will compare with all of pre-existed bar with above criteria. If there is any 

bar which has overlapped with the generated bar, a new bar will be generated and it will also 

compare with all of pre-existed bars until finding no overlapped bar. Fig. 6. 37 shows the 

differences of generating bars  in case of with or without overlaps. In addition, Fig. 6. 37 shows 

the differences of filling ratio, 20%, 40%, and 60% cases. The 60% case took 25 hours to 

generate without overlaps using 2 cores PC. 
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(a) With overlaps  

 

(b) Without overlaps, minimum gap > 0nm 

 

(c) Without overlaps, minimum gap > 50nm 

Fig. 6. 37: Comparison of overlaps 
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(a) Filling ratio: 20% 

 

(b) Filling ratio: 40% 

 

(c) Filling ratio: 60% 

Fig. 6. 38: Comparison of the different filling ratios  
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Chapter 7 Summary 
 

This dissertation focuses on developing design and fabrication of negative index meta-

material and their nano manufacturing methods 

After a brief overview of principles of negative index metamaterial, the fundamentals of 

chiral metamaterial, and basics of surface plasmons (SPPs), it has been presented the 

applications of metamaterial and surface plasmon nanolithography for the nano manufacturing 

method. Chapter 2-4 presented several applications of metamaterial. From chapter 2, negative 

refractive metamaterial is achieved by adapting chiral structure and this chapter also showed and 

proved the possibility of dynamic tunable characteristics of chirality by an external control signal. 

These works will enable switching negative and positive index of refraction or LCP and RCP 

negative index of refraction dynamically. From chapter 3, by utilizing symmetry breaking bars, 

isotropic metamaterial was achieved to overcome the disadvantage of the conventional negative 

index metamaterial that have the characteristics under a certain direction of polarization. In 

addition, randomly distributed bars showed to have negative refraction firstly in the world. 

Chapter 4 showed the other two applications of metamaterial. One is the far field measuring 

method of mode volume, which enables to measure it fast and easily comparing to near field 

method. The other is the method of single molecule detection by far field measurement method 

also. This method can determine whether a single molecule is located in the metamaterial 

structure by measuring the resonance shift of the structure. 

Chapter 2-4 are the device design and development of THz and optical frequency, and 

chapter 5 and 6 are the nano manufacturing method for these devices. Chapter 5 described 

surface plasmon lithography method. This method enabled that the minimum feature size was 

demonstrated as 22nm with 365nm wavelength light source. It would not be able to replace mass 

manufacturing method, a stepper or scanner, but its writing speed is already faster than electron 

beam lithography. In addition, since this method doesn‟t need any vacuum environment or 

temperature sensitivity, the process expense is much cheaper than EBL process. From chapter 6, 

the details of fabrication method in chapter 2-4 were introduced. This chapter covered 

conventional micrometer level fabrication methods-photo lithography, deposition, and etching 

methods- and nanometer lever fabrication methods based on electron lithography with below 

10nm misalignment multilayer structure.  
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