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Abstract: Engineering of high refractive index metamaterials at terahertz frequencies have been presented. 
Applications of terahertz metamaterials as sensor and polarization convertor have also been introduced. 

The metamaterials under study have been fabricated using conventional photolithography techniques in 

class 1000 cleanroom on free-standing, flexible substrates made of mylar/polyimide. The experimental 

investigations have been carried out with 8F confocal, photoconductive switch-based terahertz time-domain 
spectroscopy. All the simulation work has been carried out using commercially available software CST 

Microwave Studio and Matlab.  

The main finding in this work is the deep sub wavelength coupling technique used to achieve high refractive 

index value of about 41.8 at 2.026 THz. This work also presents two simple linear equations utilized for 

further enhancement of the refractive index values at the desired terahertz frequencies. Despite the strong 

absorption terahertz frequencies in presence of water, this study successfully demonstrates the ability of 

terahertz metamaterials for sensing of chemical and biological samples in aqueous solution using terahertz 

spectroscopy systems with sensitivity as high as 305 GHz/RIU. A terahertz metamaterial-based polarization 

converter has also been presented. It demonstrates broad bandwidth and transmission efficiency as high as 

80% by coupling multiple responses.  
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CHAPTER I 

 

 

INTRODUCTION 

     

Electromagnetic waves are present all around us, traveling at a constant speed, transmitting energy from one point to 

another. Humans can sense some of these electromagnetic waves as heat (760nm to 1mm), sound (14.9Mm to 

17.6Km/20Hz-17kHz), or visible light (750nm to 380nm), but it requires special setup to sense/utilize the rest of the 

electromagnetic spectrum. Electromagnetic waves are produced by the vibration of charged particles which provide 

them with electrical and magnetic properties. Microwave, radar, x-ray, radio, and telecommunication are some of the 

technologies that utilize these properties. Electromagnetic waves with frequencies ranging from 1 to 10 THz are quite 

remarkable as they witness the breakpoint of both electrical and magnetic responses in most of the naturally occurring 

materials. Due to this reason, these frequencies remain least explored, creating what is known as the Terahertz gap. 

This slice of spectrum is most elusive due to the fact that these frequencies are powerful enough to penetrate through 

thick concrete walls and yet have no ionizing effect on biological cells, making them the best-suited frequency for 

many applications ranging from surveillance to biomedical devices. 

One of the most used applications of these frequencies is Terahertz spectroscopy, a technique that allows the far-

infrared optical properties of a material to be detected as a function of time. Figure 1.1 shows one of the terahertz 
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Fig. 1.1 8F confocal spectroscopy technique 

A photoconductive switch-based terahertz time-domain spectroscopy system that consists of four confocal parabolic 

mirrors for obtaining a parallel beam front and a smaller beam waist at the sample and a time delay stage to control 

the precise timing at which the terahertz pulse reaches the receiver antenna. 
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spectroscopy setups that are used for sample characterization, An 8F confocal spectroscopy system. It is a 

photoconductive switch-based terahertz time-domain spectroscopy system that consists of four confocal parabolic 

mirrors for obtaining a parallel beam front and a smaller beam waist at the sample. The entire system is enclosed in a 

box and purged with dry air to eliminate the effect of water vapor at terahertz frequencies. Historically, terahertz 

spectroscopy was used for spectral characterization of the rotational and vibrational resonances and the thermal–

emission lines of simple molecules[1]. THz spectroscopy has also been used to determine carrier concentration and 

the mobility of doped semiconductor materials such as GaAs and Si wafers [2-4] dielectric constants, and refractive 

index of thin films[5], as well as for the characterization of high-temperature superconductors. optical-pump THz-

probe systems facilitated experimental evidence to quantum-kinetic theoretical predictions regarding charge build-up 

or dressed quasi-particles.[6] Terahertz frequencies are of especial interest to astronomy and space science due to their 

ability to extract material characteristics that other frequencies may not.[4] 

Although terahertz technology had very diverse and attractive applications in the field of astronomy, semiconductor, 

medical-imaging, atmospheric studies, space-communication, defense, and so on, it remains the least developed 

region due to lack of materials responding to these frequencies[4, 7] By the end of 1999, advancements in 

microfabrication techniques have added ease to the fabrication of artificial media.[8] In addition to 3D structures, two-

dimensional (2D) thin film, and structures with metallic components within the unit cells, metallo-dielectric structures 

have also begun to attract scientific attention, as the physics associated with the metallo-dielectric structures was quite 

unique and very different from the pure dielectric structures.[9] The term metamaterial was first defined by R.M. 

Welser in 2001 as “macroscopic composites having a man-made, 3D, periodic cellular architecture designed to 

produce an optimized combination, not available in nature, of two or more responses to a specific excitation. Each 

cell contains metaparticles, macroscopic constituents designed with low dimensionality that allow each component of 

the excitation to be isolated and separately maximized. The metamaterial architecture is selected to strategically   
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Table 1.1. Possible combinations of refractive index metamaterial in 𝜺-𝝁 domain 

All possible combinations of permeability and permittivity used to design refractive index metamaterials with 

desired properties. 

  

                Permeability (𝝁) 

Permittivity (𝜺) 

𝝁 >> 𝟏 𝟎 < 𝝁 < 𝟏 𝝁 < 𝟎 

𝜺 >> 𝟏 

Right-handed materials  
Forward propagating 

waves 

Permeability ( 𝜇) 

near-zero (MNZ) 

Magnetic Plasma 

Evanescent waves 

𝟎 < 𝜺 < 𝟏 
Permittivity (ɛ) near 

zero (ENZ) 

Perfect tunneling 

effect 
Permeability ( 𝜇)  

negative (MNG) 

𝜺 < 𝟎 
Electric Plasma, 

Evanescent waves 

Permittivity (ɛ) 

negative (ENG) 

Left-handed 

materials (DNG) 

backward 
propagating waves 
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recombine local quasi-static responses, or to combine or isolate specific non-local responses”[10]. The advent of 

metamaterials has proven to be especially valuable in the terahertz regime and was expected to close the "THz gap."[8] 

The capability to control electromagnetic waves inside an artificially designed material opened tremendous 

possibilities. The transmission of electromagnetic waves inside of any materials is basically defined by the permittivity 

(𝜀) and the permeability (𝜇) of the materials. Refractive index (𝜂), another material property of interest, is defined by 

permeability and permittivity as: 

𝜂 = √𝜀𝜇 .     (1.1) 

Materials with all the possible combinations of permeability and permittivity, as shown in table 1.1. now become 

possible.[11] 

1.1 Index of refraction  

The measures of the change in direction as well as the speed of the electromagnetic wave while passing from one 

medium to another with different permeability or permittivity or both is defined as the index of refraction. An 

electromagnetic wave traveling at an angle of α1 w.r.t. the normal in medium with refractive index ƞ1, undergoes 

refraction at the medium interface and travels at an angle of α2 w.r.t. the normal in medium with refractive index ƞ2.[8] 

According to Snell’s law relation between the ratio of refractive indices of the two media and the ratio between the 

angle of incidence and angle of refraction is defined as: 

ƞ𝟏

ƞ𝟐
=  

𝒔𝒊𝒏 𝜶𝟐

𝒔𝒊𝒏 𝜶𝟏
.  (1.2) 

Metamaterials with designer refractive index have been of much interest among the scientific community due to the 

various potential applications and capabilities made possible with them. As discussed earlier refractive index can also 

be defined as the square root of the product of material permittivity and permeability. In other words, the refractive 
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index is the property of the materials that define the amount by which the electrical and magnetic component of the 

electromagnetic waves deviates from its original direction at the interface of two media with different values of 

permeability and/or permittivity. It is worth noting that even though the refractive index is defined by both 

permeability and permittivity, both permeability and permittivity of the media act individually on the passing 

electromagnetic wave. Thus it is possible to design metamaterials with a specific value of the refractive index that can 

individually manipulate the propagation of either electrical or magnetic component of the electromagnetic wave based 

on the value of permeability and the permittivity of the material designed. The index of refraction can be engineered 

based on the following categories: 

1. High refractive index metamaterials with 

1.1. Higher permeability (𝜇 >> 1)  

1.2. Higher permittivity (𝜀 >> 1)  

1.3. Both permeability and permittivity have higher positive values (𝜇, 𝜀 >> 1) 

2. Negative refractive index metamaterials with 

2.1. Permeability negative (𝜇 < 0) 

2.2. Permittivity  negative (𝜀 < 0) 

2.3. Both permeability and permittivity negative (𝜇, 𝜀 < 0) 

3. Near-Zero refractive index metamaterials with  

3.1. Permeability positive and near-zero (0 < 𝜇 < 1) 
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3.2. Permittivity positive and near-zero (0 < 𝜀 < 1) 

3.3. Both permeability and permittivity positive and near-zero (0 < 𝜇, 𝜀 < 1) 

1.2 High Refractive Index Metamaterials 

Materials with an enhanced index of refraction are much desired for laser particle acceleration in the field of 

lithography, imaging, optical communications, atomic tests of electroweak particles, solar devices, magnetometry, 

and many more. An electromagnetic wave entering a material with a higher refractive index at some angle w.r.t. the 

normal tends to bend towards the normal in the materials with a higher refractive index. The higher the refractive 

index, the more bending towards the normal. 

Initial attempts to achieve higher refractive indices involved the use of atomic resonances, coherent quantum systems, 

and photonic bandgap materials.[8]  With the prevalence of the concept of metamaterials, a metal film with 

subwavelength periodic 1D cut through slits was used to demonstrate achievement of higher refractive index as well 

a means to control refractive index by controlling geometric parameters of the structure. With careful selection of the 

geometric parameters of the subwavelength cut through slits in a high purity copper film, an effective refractive index 

of about 5.51 was achieved at terahertz frequencies.[12]. Recently, deep subwavelength coupling technique is used to 

achieve a record-breaking high index of refraction of about 41.8 at 2.06 THz.[13] A detailed discussion of the various 

techniques and metamaterial structures used to achieve higher index of refraction is presented in chapter 2. 

1.3 Negative Refractive Index Metamaterials (NRM) 

A Negative refractive index metamaterial(NRM) is an artificial material with a negative effective refractive index 

created by subwavelength unit cells that can be considered homogenous. Figure 1.2 depicts an electromagnetic wave 
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incident on the flat surface of negative index metamaterial from a point source. The artificial materials crafted to 

achieve both permeability and permittivity values to be negative simultaneously are often referred to as Double 

Negative metamaterials(DNM) in literature. At a given wavelength range, negative permeability (𝜇)  and permittivity 

(𝜀)  can be written as μ = |µ| exp(ⅈπ), and 𝜀 = |𝜀| 𝑒𝑥𝑝(ⅈ𝜋), hence refractive index,  𝜂 = √𝜀𝜇, 

 𝜂 = √|µ||𝜀| 𝑒𝑥𝑝(2ⅈ𝜋), (1.3) 

 𝜂 = √|µ||𝜀| . 𝑒𝑥𝑝(ⅈ𝜋),   (1.4) 

𝜂 = −√|µ||𝜀| ,  (1.5) 

i.e., the refractive index of the medium with simultaneously negative permeability and permittivity must be 

negative.[14]  

Metals show negative permittivity below their plasma frequency, and thus arrays of conducting wires, as shown in 

figure 1.3, have been used to achieve negative permittivity values in metamaterials. [15] . The generic frequency 

dependent permittivity has the form  

𝜀(𝜔) = 1 − (𝜔𝑝
2) ∕ (𝜔2 − 𝜔0

2 + ⅈ𝜔𝛤),  (1.6) 

where the plasma frequency, ωp
2 , is 

𝜔𝑝
2 = 4𝜋(𝑛𝑒

2 ∕ 𝑚∗), (1.7) 

and n is the carrier density, e is the charge of an electron, and m* is the effective mass of carriers.( [15]) In the case of 

metamaterials, both n and m* are defined by their unit cell structure, and thus metal structures are used at their plasma 

frequency and thereby achieve negative permittivity at the frequency of interest. For the structure shown in figure 1.3, 

plasma frequency is given as 
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𝜔𝑝
2 =

2𝜋𝑐2

𝑎2 𝑙𝑛(𝑎∕𝑟)
.   (1.8) 

And the effective permittivity is given as  

𝜀𝑒𝑓𝑓 = 1 −
𝜔𝑝

2

𝜔[𝜔−ⅈ(𝜔𝑝
2𝑎2𝜀0)∕𝜎𝜋𝑟2]

≈ 1 −
𝜔𝑝

2

𝜔2 . (1.9) 

For 𝜔 < 𝜔𝑝, effective permittivity becomes negative, assuming conductance 𝜎 → ∞.[14] 

As far as negative permeability is concerned, there is no known natural material that shows permeability below zero. 

It is only with the advent of metamaterial that negative permeability becomes achievable. Split ring resonators (SRR) 

shown in Figure 1.4 (left) and swiss roll structures shown in Figure 1.4 (right)  are most commonly used to achieve 

negative permeability. 

It is known that the inductance of the unit cell structure is usually responsible for the magnetic response of the 

metamaterial. According to Faraday’s law, when a time-varying magnetic field is applied perpendicular to a coil 

surface, the induced current is generated in the wires of the coil. Metamaterial unit cell structures direct the induced 

currents to provide desired inductance to the structure and, in turn, provides a method for steering the effective 

metamaterial permeability towards positive or negative values  
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Fig. 1.2. Negative Refraction 

Normally incident electromagnetic waves originating from a point source experiencing negative refraction at the 

boundary of NRM. 
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Fig. 1.3. Wire Array 

An array of conducting wires for achieving negative permittivity 
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Fig. 1.4. SSR and Swiss Roll 

Structures that can achieve negative permeability, split-ring resonator(right), and swiss-roll structure(left) 
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For the SSR structure, The time-varying magnetic field induces a current in the resonator arms, making it behave like 

an inductor. The circulating current in the SSR arms builds up change across the resonator gap, transforming the gap 

into a capacitive element. Thus the SSR structure behaves like an LC circuit, whose resonance frequency can be 

written as: 

 𝜔0~√1 𝐿𝐶⁄ .  (1.10) 

For frequency above 𝜔0 the SSR provides positive inductance, while at frequencies below 𝜔0 the structure provides 

a negative response. [15] 

The effective frequency dependent permeability of the SSR unit cell is expressed as [15]:  

 𝜇𝑒𝑓𝑓(𝜔) = 1 + (𝐹𝜔2) ∕ (𝜔0
2 − 𝜔2 − ⅈ𝛤𝜔). (1.11) 

In the swiss roll structure, the induced current produced due to the time-varying magnetic field applied parallel to the 

common axis flows by charing the capacitance between the inner and the outer side of the metal sheet.[16] The system 

starts behaving like magnetic pole plasma and provides negative permeability to the structure in some frequency 

range.[16] 

For the Swiss roll structure, the frequency dependent anisotropic permeability is expressed as[17]:  

𝜇𝑧(𝜔) = 1 −
𝐹

(1−
𝜔0

2

𝜔2⁄ )+ⅈ(𝛤
𝜔⁄ )

, 𝜇𝑥 =  𝜇𝑦 = 1, (1.12) 

where F is the geometrical factor, 𝜔0 is the resonant frequency, and Γ is the resistive damping factor. Metamaterials 

with both permeability and permittivity less than zero have certain unique characteristics. The phase velocity, doppler 

shift, directions of Cherenkov radiations as well as radiation pressure inside these materials are reversed.[16] D.R.   
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Fig. 1.5. Negative index metamaterials 

Schematic of the metamaterial fabricated to demonstrate of double negative refractive index 
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Smith and et al. conceived a metamaterial unit cell design to achieve a double negative refractive index [18] by using 

a combination of two structures, an array of wire to achieve negative permittivity and an SSR  unit cell structure to 

acquire negative permeability over the same frequency band. This structure was then experimentally verified by 

Shelby et al. in 2001 at microwave frequencies. Figure 1.5 shows a schematic of the fabricated metamaterial consisted 

of split-ring resonators on interlocking strips of the standard circuit board and a two-dimensional array of copper 

strips[19]. Some of the metamaterials with a double negative refractive index at terahertz frequencies utilized a similar 

combination of planar SSR structure and the cross wire to achieve negative refraction at around 2 THz [20],[21], and 

4.9 THz[22]. 

1.4 Near-Zero refractive index metamaterials  

Materials with refractive index values between 0 to 1, i.e., the refractive index is positive but less than 1, are generally 

classified as near-zero refractive index materials. Electrometric fields in these media are static in space ( for 𝑛 = 0 ) 

but remain dynamic in time. The wavelength(λ) and the frequency(ƒ) of an electromagnetic wave traveling inside 

amedium are correlated to each other via phase velocity(ν), which in turn is defined by the material properties, 

permeability(µ) and permittivity(ɛ) of that medium as below[2]: 

𝜈 = ƒ. λ , (1.13) 

𝜈 =
1

√𝜀𝜇
 . (1.14) 

In equation (1.14), when either permeability (µ) or permittivity (ɛ) of the medium approaches zero, the phase velocity 

becomes infinity, the phase of the electromagnetic wave appears to be fixed. This high value of phase velocity, when 

substituted in equation (1.13), results in a very high wavelength at high frequencies. The unique properties offered by 

near-zero refractive index metamaterial have great potential in realizing energy tunneling, directional emission, and   
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Fig. 1.6. Zero index of refraction 

Electromagnetic waves originating from a point source experiencing refraction when incident normally at a slab with 

zero refractive index 
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beam focusing effects. Figure 1.6 depicts the electromagnetic waves from a point source incident normally on a near-

zero refractive index slab undergoing refraction. 

When an electromagnetic wave is incident on a near-zero refractive index slab at a non-zero angle wrt to the normal, 

the beam exiting from the slab attains planar wavefront. This can be explained by Snell's law, as stated in equation 

(1.2).When ƞ𝟏  attains a near-zero value, 𝛼2  becomes zero, aligning the electromagnetic waves along the normal 

axis.[23] 

As per Drude’s model, the frequency specific permittivity ( for metal or heavily doped semiconductors) can be written 

as: 

𝜀(𝜔) = 𝜀∞ (1 −
𝜔𝑝

2

𝜔2+ⅈ𝜔𝛤
), (1.15) 

where Γ is loss constant, ωp is plasma frequency, and ω is angle frequency [23]. In equation (1.15), when Γ becomes 

small and ωp approaches ω, the value ɛ (ω) gets close to zero. In fact, many materials exhibit near-zero permittivity 

values at their plasma frequencies, such as potassium at terahertz frequencies and silicon carbide at mid-infrared 

frequencies, aluminum-doped zinc oxide (AZO) and ITO at near-infrared frequencies, and Bi1.5Sb0.5Te1.8Se1.2 (BSTS) 

exhibit an ENZ response at ultraviolet frequencies[24].  

Materials with near-zero permeability, and especially materials with both permeability and permittivity near zero at 

the same frequency range, are not readily available in nature. Hence, artificial materials designs become necessary to 

harness all the exciting possibilities offered by near zero-index material. Metamaterials with near-zero refractive can 

be realized either by making permittivity or permeability or both near zero.   

Material permeability and permittivity, in turn, affects the refractive index, wave impedance and reflection coefficient 

of the metamaterial as specified by below equation (1.16),(1.17) and (1.18): 
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Refractive index, 𝜂 = √𝜀. 𝜇 , (1.16) 

Wave impedance, 𝑧 = √𝜇 ∕ 𝜀 , (1.17)  

Reflection coefficient, 𝑅 = (𝑧 − 𝑧0) ∕ (𝑧 + 𝑧0). (1.18) 

The three possible cases for achieving refractive index values near zero can be defined as following: 

CASE 1: ɛ → 0, Z → ∞, R → +1 

Perfect magnetic conductor(PMC) 

When the permittivity of a material attains near-zero value, the refractive index of the materials tends to zero, wave 

impedance approaches to infinity, and the reflection coefficient becomes unity. Such materials are also known as 

perfect magnetic conductors or PMC. 

CASE 2: µ → 0, Z → 0, R → -1 

Perfect electrical conductor(PEC) 

When the magnetic permeability of the material reaches zero, this results in a zero or low index of refraction as well 

as near-zero wave impedance. The reflection coefficient of the materials tends to negative 1. Such materials are known 

as perfect electrical conductors or PEC. 

CASE 3: ɛ, µ → 0, Z → Z0, R → 0 

Impedance matched materials 
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The third case is when both dielectric permittivity and magnetic permeability simultaneously accomplish zero or near-

zero values, the reflection coefficient of such materials tends to zero. The refractive index tends to be zero while the 

wave impedance becomes equal to that of free space. Hence, these are also known as impedance-matched 

metamaterials.  

A double-sided paired cut wire structure [25], as shown in Figure 1.7, demonstrated near-zero refractive index at 

terahertz frequencies with both permeability and permittivity values approaching near zero. The electric field of the 

electromagnetic waves propagating parallel to the cut wire pair imparts dielectric properties to the metasurface. At the 

resonance frequency, this dielectric property that in turn is responsible for the permittivity of the metamaterial changes 

value from negative to positive. The metasurface attains zero relative permittivity value while transitioning from 

negative to positive resonance. 

Due to the magnetic field of the electromagnetic waves propagating perpendicular to the metasurface, the double-

sided paired cut wire structure behaves as minuscule induction elements. Thus, providing the magnetic resonance to 

the structure, which changes value from positive to negative at the resonance frequency and is responsible for relative 

permeability of the metamaterial. The metamaterial acquires zero permeability value while the magnetic resonance 

moves from negative to positive domain. Thus the above-shown metasurface becomes capable of achieving near-zero 

values for both permeability and permittivity, subsequently realizing zero refractive index value. The metasurface 

demonstrates a refractive index value of 0.16 + j0.09 at 0.505 THz with relative permittivity of 0.18 + j0.10 and relative 

permeability of 0.004 + j0.16.[25]. 

1.5 Summary  
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Fig. 1.7. Zero-Index Metamaterials 

Schematic of the metasurface with near-zero refractive index at terahertz frequencies. 
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In this chapter, we presented a conceptual overview of different types of refractive index possibilities and design 

mechanisms at terahertz frequencies. Different types of meta-atom structures that have been used over the past year 

to achieve designer refractive indices have also been discussed briefly. The capability to control the electromagnetic 

waves, especially electrical and magnetic components, separately is not only riveting but also crucial to study and 

understand many physical and quantum processes. Many applications that have only been theoretically 

conceptualized so far now become possible with the advent of metamaterials. The ability to harness  the full potential 

technological applications promised by terahertz frequencies has long remained a challenge due to the lack of the 

necessary availability of workable natural materials itself. Designer refractive index metamaterials are one of the many 

essential fields of study towards closing this terahertz gap. Many advancements have been made not only to achieve 

the required (high, negative, or zero) refractive index but also to dynamically control their values. Meta atoms that can 

dynamically change refractive index values from positive to zero and to negative with the help of optical, electrical, 

or stress as stimuli have been studied. Various new applications like performing mathematical functions with designer 

refractive indices metamaterial, advanced antennas, electromagnetic tunneling, sensor, cloaking, and so on have 

already been presented in scientific literature. 
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CHAPTER II  

 

 

ADVANCEMENTS IN HIGH REFRACTIVE INDEX MEDIA: FROM QUANTUM 

COHERENCE IN ATOMIC SYSTEM TO DEEP SUB-WAVELENGTH COUPLING IN 

METAMATERIALS: 

 

 

Refractive index enhancement is crucial in the fields of lithography, imaging, optical communications, solar devices, 

and many more. In this chapter, I will be presenting a review of the advancements in the process of designing high 

refractive index metamaterials, starting from quantum coupling and photonic bandgap materials to metamaterials 

utilizing deep subwavelength coupling to achieve ever-high values of refractive index. The understanding of the 

evolution of material design from intrinsic electronic states manipulation to meta-atoms design is not only fascinating 

but also a prerequisite to developing successful devices and applications. A particular attention is given to 

experimentally verified schemes in engineering a high index of refraction. This would enhance our understanding of 

the various schemes that were successfully verified for refractive index enhancement and thus help us find our path 

forward. 

2.1 Snell’s Law
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Fig. 2.1. Bending to an electromagnetic wave  

Bending to an electromagnetic wave while passing from one medium to another with different refractive indices. An 

electromagnetic wave travelling at an angle of α1 w.r.t. the normal in medium with refractive index ƞ1, undergoes 

refraction at the medium interface and travels at an angle of α2 w.r.t. the normal in medium with refractive index ƞ2.  
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Humans have been using materials with various refractive indices for visible light manipulation for centuries. An 

impressive application of modified refractive index can be found in the form of well-known stained glass art window 

as found in the 13th century Notre Dame Cathedral in Paris. When an electromagnetic wave hits the boundary of two 

mediums with different refractive indices, a part of the incident wave is send back to its original direction(medium), 

known as reflected wave, and the other part passes through the second medium known as refracted wave. The part of 

the EM wave that enters through the second medium may witnesses change in speed, wavelength, and direction of 

travel depending on the properties of the two media. Refractive index is basically defined as a dimensionless quantity, 

which measures the bending of the electromagnetic wave while passing from one medium to another, Fig. 2.1 shows 

the refraction of a plane monochromatic EM wave while passing from a medium with refractive index ƞ1 to another 

medium with refractive index ƞ2.   

By 20th century, a number of scientific journals had already been discussing the potential applications of high 

refractive index media for laser particle acceleration[26, 27], optical microscopy[28], atomic tests of electroweak 

physics[29] and magnetometry[30].  

2.2 High refractive index via quantum coherence  

A wide variety of materials with different refractive indices already exists in nature. But being able to create a material 

with required refractive index for a specific wavelength/frequency was necessary for various applications. In 1991, O. 

Scully presented the possibility of achieving a high refractive index without high absorption via quantum coherence, 

in principle for the first time[30]. Index enhancement was accomplished by choosing to operate near an atomic 

resonance between a coherent ground-state doublet configuration |b〉 and |b'〉 and an excited state |a〉 with level   
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Fig. 2.2.  Dispersive (ReP) and absorptive (lmP) parts of polarization  

Dispersive (ReP) and absorptive (lmP) parts of polarization vs detuning of radiation frequency from midpoint between 

level b' and b. Polarization plotted on arbitrary scale, and detuning Δ, plotted in units of atomic decay. Inset, upper 

right-hand corner: Usual dispersion-absorption curve. Inset, upper left-hand corner: Present level scheme. [Reprinted 

with permission from “Scully, M.O., Enhancement of the index of refraction via quantum coherence.  Phys. Rev. Lett. 

1991, 67(14): p. 1855-1858”. Copyright (1991) by the American Physical Society]. 
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probabilities ραα, α = a, b, c along with an appropriately chosen atom-field detuning[30]. The result is shown in Fig. 

2.2. The normal case of resonant dispersion is shown in upper right-hand corner inset in Fig. 2.2, the maximum 

refraction (ReP) is marked with point A, the absorption (ImP) is also large at this point.  However, when there is 

coherence between the lower levels b' and b, the dispersion can be large (point B) with a near zero absorption marked 

as point C. Coherence between levels b’ and b can be achieved by a number of techniques, i.e., pulse[31], 

microwave[32] or Raman technique[33, 34]. In 1992, M. Fleischhauer, et al. presented a detailed survey of various 

schemes in which atomic coherence and interference effects lead to complete absorption cancellation and an ultrahigh 

index of refraction[35]. In 1996,  Zibrov, et al presented proof-of-principle experiment demonstrating resonantly 

enhanced refractive indexand reduced absorption achieved by quantum coherence in Rb vapor[36]. A resonant change 

of about 10-4 was  observed in the refractive index. 

2.3 Photonic bandgap materials for refractive index enhancement  

In 1994, J. Dowling, et al. proposed photonic bandgap materials as a possible candidate to achieve high index of 

refraction and presented a quantitative study explaining the anomalous index of refraction in photonic band gap 

materials[37]. It has already been established that a carefully chosen periodic dielectric lattice may exhibit frequency 

bandgaps for all photon polarizations and directions of propagation[12]. His study was based on the one-dimensional 

(1D) periodic dielectric array that was used to model a three-dimensional photonic bang gap material, to enhance the 

effective refractive index. He explained that near the gap in the photonic band gap materials the effective index of 

refraction can become less than unity and in fact can approach zero at the band edge itself-leading to ultra-refractive 

optical effect[37]. Given that refractive index of a system is the ratio n1/n2, his scheme was based on decreasing n2 

instead of increasing n1, to obtain high effective refractive index[37]. In order to consider a three dimensional structure 

analytically as a one-dimensional problem it was assumed that the photons always encounter the same periodic index 

variation irrespective of the propagation direction or polarization. Such a periodic array is shown in Fig. 2.3 (a). Fig   
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Fig. 2.3.  The dispersion and the effective index of refraction for a three-dimensional photonic band 

gap material  

(a) one-dimensional periodic dielectric array used to model a three-dimensional photonic bandgap material. The 

alternating dielectric regions of indices 𝑛1 and 𝑛2 have width a and b with 𝑑 = 𝑎 + 𝑏 the lattice period. The 

dispersion relation, 𝜔 = 𝜔(𝑘),can be obtained by ensuring that the first and second derivative of the modal functions 

𝑎𝑘(𝑥), are continuous across the I-III and III-II interfaces, and by invoking Block's theorem. (b) Choosing 𝑛1 = 1.0, 

𝑛2 = 4.0, and 𝑏/𝑑 = 0.85 as our lattice parameters we plot here the dispersion relation, in form 𝑘(𝜔)𝑑 and 𝜔𝑑/𝑐. 

(c) plot of effective refractive index.   
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2.3(b) depicts kd versus ωd/c plot. Note that the phase velocity 𝑣∅ = 𝜔/𝑘  approaches infinity at the three band edges, 

where 𝑘𝑑 → 0 and ωd/c is approximately 4.0, 4.8 and 8.0 respectively. Since the index of refraction is defined as  

𝑛 = 𝑐/𝑣∅ , this implies that 𝑛 → 0  at these points[12]. Fig 2.3(c) shows the plot of effective refractive index, 

𝑛𝑒𝑓𝑓(𝜔) = 𝑐/𝑣∅ versus ωd/c , depicting that the effective index of refraction is substantially zero at the frequencies 

near the band edges where ωd/c = 4.0, 4.8 and 8.0. 

2.4 Metamaterials for refractive index enhancement    

By the end of 1999, advancements in microfabrication techniques have added ease to the fabrication of artificial 

media. In addition to 3D structures, two-dimensional (2D) thin film and structures with metallic components within 

the unit cells, metallo-dielectric structures have also begun to attract scientific attention, as the physics associated with 

the metallo-dielectric structures was quite unique and very different from the pure dielectric structures[38]. In 2001, 

the term metamaterial was first defined by R.M. Welser as “macroscopic composites having a man-made, 3D, 

periodic cellular architecture designed to produce an optimized combination, not available in nature, of two or more 

responses to a specific excitation. Each cell contains metaparticles, macroscopic constituents designed with low 

dimensionality that allow each component of the excitation to be isolated and separately maximized. The metamaterial 

architecture is selected to strategically recombine local quasi-static responses, or to combine or isolate specific non-

local responses”[39]. Every material consists of molecules and atoms, these act as building blocks for the material and 

are responsible for defining material behaviour toward EM waves. The ingenious idea that we can create artificial 

atoms (meta-atoms) which then act as unit cells for the artificial material(metamaterials), thus providing complete 

control over the of the material behaviour towards the EM waves is quite intriguing. This capability that we can design 

a unique structure with specific resistance, inductance and conductance and use either one or a combination of such 

structure to be periodically repeated to form an artificial material with pre-defined response towards the electrical and 

magnetic components of the EM wave soon attracted enormous attention for designing materials with high refractive   
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Fig. 2.4.  Schematic of the metal film with periodic slits. 

The parameters are defined as in the figure: a is the width of the slit, d is the periodicity, and L is the thickness of the 

metal film. The black regions indicate the metal parts, and the white regions are the vacuum. The film is extended in 

the x-y plane. [Reprinted with permission from “Shen, J.T., P.B. Catrysse, and S. Fan, Mechanism for designing 

metallic metamaterials with a high index of refraction. Phys. Rev. Lett. 2005, 94(19): p. 197401”. Copyright (2005) 

by the American Physical Society]. 
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index, higher than any naturally existing material, negative refractive index, phase change, filters, and many more 

applications. 

In 2005, J.T. Shen, et al. explained the mechanism for designing a high refractive index metallic metamaterial. Shen 

claimed that a metallic film with periodic 1D cut through slits, can be considered as a dielectric slab with an effective 

refractive index, n and width, L, as shown in Fig. 2.4[40].  

The effective “n” is determined by field comparison between the metallic film with periodic cut through the slits and 

the dielectric slab. Given the periodicity of the slits in the metallic film is smaller than the wavelength, the zeroth order 

transmission amplitude of a TM wave normally incident on the metallic film can be written as[40], 

𝑡0 =  
4[(𝑓 ∅2)/(1+1 ∅2)]𝑒−𝑖(𝜔 𝑐⁄ )𝐿⁄⁄

1−[(1−1 ∅⁄ ) (1+1 ∅)]⁄⁄ 2
𝑒2𝑖(𝜔 𝑐⁄ )𝐿′   , (2.2) 

where, 𝑓 = 𝑎 𝑑⁄  is the filling factor of the slit, and ∅ = ∑ 𝑓𝑔0
2 𝑤 𝑐⁄

∝0

∞
𝑝=−∞ , for normal incidence, 𝑔0 = 1 and ∝0=

𝑤 𝑐⁄ . When a plane is normally incident on a dielectric slab with refractive index n, the transmission amplitude can 

be written as: 

𝑡 =  
4[𝑛 (1+⁄ 𝑛2)]𝑒−𝑖𝑛(𝜔 𝑐⁄ )𝐿′

1−[(1−𝑛) (1+𝑛)]⁄ 2
𝑒2𝑖𝑛(𝜔 𝑐⁄ )𝐿′ .  (2.3) 

Comparing equations (2.2) and (2.3), both transmission amplitudes  𝑡0 and 𝑡, can be approximately equalized by 

setting 𝑛 = 1/∅ and 𝐿′ = 𝐿/𝑛[40]. With the transmission equivalence set up and establishing effective refractive 

index as 𝑛 = 𝑑/𝑎, which is defined only by the geometry of the structure. Shen, et al. pointed that refractive index of 

a media can be enhanced without having to change the intrinsic electronic states of the material. The paradigm of high 

refractive index media design is now shifting towards controlling the behavior of the electromagnetic waves by virtue 
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of structural geometry of the artificial media, so as to achieve desired materials parameters namely, permeability and 

permittivity, rather than meddling with the atomic states of the media.  

2.5 Terahertz frequencies and high refractive index metamaterials 

The range of frequencies from 1 to 3 THz is extremely fascinating as it witnesses the breakpoint of both electrical and 

magnetic response in most of the naturally occurring materials. Terahertz regime is the slice of the spectrum that lies 

between infrared and microwave radiations. These frequencies are capable enough to penetrate through thick concrete 

walls making them very attractive for security screening application and having no ionizing effect making them very 

safe to be used for medical applications. In spite of the fact that, terahertz frequencies had very diverse and attractive 

applications in the field of astronomy, semiconductor, medical-imaging, atmospheric studies, space-communication, 

defense and so on, it remains the least developed region due to the lack of materials responding to at these 

frequencies[4, 7]. The advent of metamaterials has proven to be especially valuable in the terahertz regime and 

expected to close the “THz gap”. Following the same structure of metallic film with periodically arranged cut through 

slits, theoretically conversed by J.T. Shen, et al., A. Pimenov and A. Loidl performed the first experimental 

demonstration for a high refractive index metamaterial at terahertz frequencies in 2006[12].  A terahertz high refractive 

index metamaterials was fabricated with high purity copper plates with periodic slits[12]. A Mach-Zehnder 

interferometer arrangement[41] was then used to carry out the experiment for the frequency range 60 to 380 GHz, 

and the reflectance 𝑅 = |𝑟|2and complex transmittance √𝑇𝑒ⅈ∅ were measured. The effective parameters of the 

sample were obtained using Fresnel optical formulas for reflectance and transmittance, using following equations:  

𝑡 =
(1−𝑟0

2)𝑡1

1−𝑟0
2𝑡1

2 ,  (2.4) 

𝑟 =
(1−𝑡1

2)𝑟0

1−𝑟0
2𝑡1

2 .  (2.5) 
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Here, 𝑟0 = (𝑛 − 1) (𝑛 + 1)⁄  and 𝑡1 = exp(2𝜋ⅈ𝑛𝐿/𝜆), 𝑟0 is the reflection amplitude at the air-sample interface, 

𝑡1 is the “pure” transmission amplitude, n is the complex refractive index, L is the sample thickness, and λ is the 

radiation wavelength[12]. An effective refractive index 5.51 was obtained and an additional correction ∅𝑐𝑜𝑟𝑟 =

2π(L − 𝐿𝑒𝑓𝑓)/𝜆  was suggested to be added to the experimentally obtained phase, in order to establish the 

equivalence to the real dielectric slab. This metal-dielectric interface can support surface plasmon waves in the optical 

regime.  

The dispersion curve of these surface plasmon waves is relatively flat at high frequencies and can be used to slow 

down light. In the low frequency (microwave) regime, however, the metal is treated as a perfect electric conductor 

(PEC), which means electromagnetic waves cannot penetrate into metal and hence metal-dielectric interface cannot 

support surface waves. So, instead of cut through slits or metal-dielectric interface, an array of holes drilled in metal 

surface were used to achieve slow electromagnetic waves[42, 43]. The schematic and numerical comparison between 

the metal dielectric structure and metallic hole structure is illustrated in Fig. 2.5[42].  

These detailed studies about the behavior of the EM waves within these periodic metal dielectric interfaces led the 

way for two very intriguing structural schemes achieve high index of refraction in 2009. One was broad bandwidth 

3D structure by J. Shin, et al.[44] while another was a resonance based structure by H. Shi, et al.[45]. J. Shin’s structure 

consisted of metal cubes that were arranged in a cubic array fashion, all the six surfaces of these cubes consisted of air 

slits and were inter-connected by three orthogonal wires, as shown in Fig. 2.6(a). The structure was based on the 

observation that the induced charges due to normal electric field determines effective relative permittivity, εr while the 

induced surface current due parallel magnetic field contributes to the effective relative permeability, µr[44]. For large 

cube limit (i.e. 𝑏 ≈ 𝑎), permittivity and permeability can be estimated using following equations:  

𝜀𝑟 ≈ 𝑎 (𝑎 − 𝑏),⁄                      (2.6)  
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Fig. 2.5. Equivalent waveguide structure for periodic holes.  

Metal surface with periodic holes drilled (above) and equivalent waveguide structure (below). [Reprinted with 

permission from “Z. Ruan and M. Qiu, Slow electromagnetic wave guided in subwavelength region along one-

dimensional periodically structured metal surface. Appl. Phys. Lett. 2007, 90(20): p.  201906”, with the permission 

of AIP Publishing] 
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Fig. 2.6.  Metamaterial design evolution.  

(a) Unit cell of metal cubes that were arranged in a cubic array fashion, all the six surfaces of these cubes consisted of 

air slits and were inter-connected by three orthogonal wires along with the simplified structure (left) with two plates 

with air slits and a connecting wire along z-direction. [Reprinted with permission from “J. Shin, J.T. Shen, and S. Fan, 

Three-dimensional metamaterials with an ultrahigh effective refractive index over a broad bandwidth. Phys. Rev. 

Lett. 2009, 102(9): 093903”. Copyright (2009) by the American Physical Society]. (b) Layered view of bulk materials 

formed with unit cell of single cut wire on dielectric substrate. (c) ‘I’- shaped metallic patch structure, (d) terahertz 

metamaterial with Z-shaped meta-atoms. 
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µ𝑟 = 1 − 𝑏2 𝑎2 ≈
2(𝑎−𝑏)

𝑎
,⁄     (2.7) 

where ‘b’ is the side of the cube and ‘a’ represents the periodicity[44]. The simulated structure was able to enhance 

the refractive index over a broad bandwidth, by maintaining permeability near unity via reducing the area subtended 

by the current loops owing to the air slits in the surface and thereby suppressing the diamagnetic response. Meanwhile, 

the permittivity of the structure is enhanced by upholding a strong capacitive response within the cubic array. The 

other salient scheme, which was proposed by H. Shi, was based on electric resonance in the surface structures to 

enhance the effective refractive index[45]. H. Shi’s configuration, as shown in Fig. 2.6(b) is a planar structure of 

periodic arrangement of metallic wires on a dielectric substrate of subwavelength thickness, which was then layered 

to achieve a bulk metamaterial. The value of maximum effective refractive index of the metamaterial is characterized 

using Bloch wave method and was defined using the following equation: 

𝑛𝑚𝑎𝑥 = 𝛽𝑚𝑎𝑥 𝑘0 =  𝜋𝑐 (𝜔0𝑑),⁄⁄  (2.8) 

where 𝜔0 is the resonance angular frequency, 𝛽𝑚𝑎𝑥  is the propagation constant at the resonance, 𝑘0 is the wave 

number at resonance frequency and d is the periodicity of the structure[45]. The length of the metallic subwavelength 

wires controlled the resonance frequency while the propagation constant corresponding to higher refractive index 

around the resonance is governed by the number of layers along the direction of propagation of the electromagnetic 

wave. This resonance based scheme offered a contrast to the previous prevalent methods which achieved high 

refractive index by the confinement of electromagnetic mode in the highly subwavelength region, i.e. the propagation 

TEM mode in the slits and evanescent mode in the holes below the cutoff[45]. This metallic wire array metamaterial 

design was soon after, experimentally verified and analyzed by X. Wei, et al. in 2010,  to achieve high refractive index 

value at visible frequencies with a metamaterial fabricated using quartz as dielectric substrate and silver to form cut 

wire structure[46].  



36 
 

In 2011, M. Choi, et al., exquisitely combines both J. Shin[44] and  H. Shi’s[45] schemes to demonstrate high 

refractive index value at terahertz frequencies. The resonating subwavelength cut wire structure in H. Shi’s scheme 

was replaced with an ‘I’-shaped metallic patch[47], an abridged 2D version of J. Shin’s silted cube structure. The 

resultant metamaterial structure, as shown in Fig. 2.6(c) is capable of producing high effective permittivity due to a 

strong capacitive behavior while maintaining a low diamagnetic response due to the smaller current-loop area. 

M.Choi’s metamaterial was fabricated on flexible, thin film polyimide substrate, the metallic structure was created 

using gold (on chromium), a periodic array of thus created unit cells is then layered on top of each other similar to H. 

Shi’s scheme, to investigate the bulk properties of the metamaterial. The band structure and the dispersion relation of 

the fabricated metamaterial was investigated to understand the effect of number of layers on the electromagnetic 

characteristics of the bulk media. The maximized transmission of the slab is defined by the equation, 

𝑓𝑝 = (𝑝𝑐)/(2𝑛𝑁𝑑),  (2.9) 

where 𝑓𝑝 is  the transmission peak frequency, p is a non-negative integer, N is the number of layers, c is the speed of 

light and d is the thickness of each layer[47]. M. Choi experimentally achieved a refractive index as high as 38.64 at 

0.315 THz and claimed that higher values of refractive index can be achieved by reducing the distance between the 

individual ‘I’-shaped metallic patches or the spacing between each layer until the gap width reaches the Thomas–

Fermi length scale[48] or the quantum tunneling scale of electrons.  

The exact 3D structure of metallic cubes arranged in a cubic array fashion proposed by J. Shin, et al.[44], was 

experimentally demonstrated in microwave regime by T. Campbell, et al. in 2013[1]. T. Campbell fabricated two 

samples, one with array of solid copper cubes and another with an array of structured copper cubes. Both the samples 

were characterized using strip line method for material characterization pioneered by W. Barry in 1986[49]. The 

comparison of the experimentally obtained material parameters of the solid cubes with that of the structured cubes 
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revealed that the real part of permittivity of the structured cube sample was approximately half that of the solid cube 

sample but the refractive index was still nearly doubled since the structured cubes facilitated reduced diamagnetic 

response resulting in almost six-fold increase in the effective permeability value[1].   

S. Tan, et al. furthered M Choi’s ‘I’-shaped metallic patch structure[47] with a Z-shaped meta-atom in 2015[50], as 

shown in Fig. 2.6(d). The Z-shaped meta-atom was capable of attaining high refractive index at lower frequency by 

virtue of existence of a parallel, unidirectional surface current in the two arms of the structure which leads to larger 

effective induction as compared to that in I-structure thus lowers the resonance frequency without having to reduce 

the size of the over-all structure. The Z-structure metamaterial was fabricated using conventional lithography using 

aluminum and thin film polyimide substrate. Time–domain terahertz spectroscopy characterization revealed 21.6% 

average shift in the resonance frequency[50]. This simple design modification offered great ease in the fabrication of 

high refractive index metamaterials operating at lower frequencies. In depth discussion of this work is provided in 

chapter 3. In 2016, T. Chang reported a broadband refractive index scheme based on mesoscopic space-filling curves. 

He claimed gigantic dielectric constant enhancement due displacement between the  layers resulting in very high 

displacement enhancement factor[51].  

2.6 High refractive index via deep subwavelength coupling  

Although above approaches were able to enhance refractive index to unnatural values, the highest values of refractive 

indices achievable with these schemes are demarcated mainly due to two reasons. First, the limit posed by the number 

of layers that can be productively used at a particular frequency, dictated by equation no. (2.9). Second, the practical 

limit to which the periodicity of the meta-atoms can be decreased, before losing the capacitance effect all together. 
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In 2017, we proposed a terahertz metamaterial design capable of achieving even higher values of refractive index 

owing to a very high effective permittivity realized by employing deep subwavelength coupling between the arrays 

of identical structures situated on both sides of an ultra-thin dielectric film, as shown in Fig. 2.7[13].  

Owing to the subwavelength thickness of the substrate film, the metal structures situated on both of its sides got 

coupled generating tremendous capacitive response in addition to the capacitance due to the nearest neighbor coupling 

between structures on the same side. Meanwhile the permeability of the metamaterial remained near unity due to 

small current loop area subtended by the checkboard metal structure. An array of isotropic checkboard structure was 

fabricated by thermal deposition of aluminum on both sides of polyimide substrate film of thickness 22 and 1 m, 

respectively. Using terahertz-time domain spectroscopy, both the samples were characterized and the calculated 

effective refractive index for the 1 m thick sample was found to be increased to 41.8 as compared to that of 7.78 

refractive index for the 22 m thick sample and can be further increased to 77.02 for a 100 nm thick sample. The 

enhancement of the refractive index can be further boosted by increasing deep subwavelength coupling between meta-

atoms on the opposite side of the spacer layer either by decreasing the substrate layer thickness or selecting a substrate 

of higher refractive index or both. The effective refractive index of the metamaterial governed dominantly by the inter-

layer deep subwavelength coupling, demonstrated a universal power law behavior (described by equation no. (2.10)) 

with respect to the substrate thickness, and a linear behavior (described by equation no. (2.11)) with respect to the 

substrate refractive index: 

𝑁𝑒𝑓𝑓𝑒𝑐𝑡ⅈ𝑣𝑒 = 𝛼𝑡𝛽 ,   (2.10) 

𝑁𝑒𝑓𝑓𝑒𝑐𝑡ⅈ𝑣𝑒 = 𝑎𝑁𝑠𝑢𝑏𝑠𝑡𝑟𝑎𝑡𝑒 + 𝑏,  (2.11) 

where α, 𝛽, a and b are the constants that depend on the metamaterial structure, t is the substrate film thickness and 

𝑁𝑠𝑢𝑏𝑠𝑡𝑟𝑎𝑡𝑒 is the substrate refractive index. Although it was predicted by many previous schemes[40, 45, 47] that 
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decreasing the thickness of individual designer layers of bulk metamaterial would enhance the refractive index values, 

it was the first time that reducing the substrate thickness to subwavelength levels was utilized to facilitate coupling 

effect between the resonating structures fabricated on both the sides of the substrate layer. This inter-layer 

subwavelength coupling led to a very high effective permittivity in the sample and thus an ultra-high value of  the 

effective refractive index of the metamaterial. The complete description of this scheme is presented in chapter.3. 

2.7 Conclusion  

In conclusion, the science of designing high refractive index medium has come a long way since manipulating the 

intrinsic state of matter to the design of metamaterials with perpetually imaginative structures. It may not even be far- 

fetched to assume that the high refractive index media designed with static values of refractive indices have become 

quite saturated. In recent years the focus has shifted more towards devising media capable of dynamic enhancement 

of the refractive index[54, 55] by means of electrical stimuli. These incredible scientific endeavors leading to the 

realization of thin film, broadband, dynamic control, and ultra-high refractive index media are sure to play a crucial 

role in shaping the face of modern devices. 
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in high refractive index media: from quantum coherence in atomic systems to deep sub-wavelength coupling in 

metamaterials [Invited], Chin. Opt. Lett. Vol. 18, pp. 062401, 2020”.  
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Fig. 2.7. Ultra-thin terahertz metamaterial  

Ultra-thin terahertz metamaterial with double sided metal structure. Depicting deep subwavelength coupling absence 

(above) and presence (below) between the metal structures situated on both sides of an ultra-thin dielectric substrate. 

[Reprinted with permission from “L. Singh, R. Singh, and W. Zhang, Ultra-high terahertz index in deep 

subwavelength coupled bi-layer free-standing flexible metamaterials. J. Appl. Phys. 2017, 121(23): 233103”, with the 

permission of AIP Publishing] 
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CHAPTER III 

 

 

ULTRA-HIGH TERAHERTZ INDEX IN DEEP SUBWAVELENGTH COUPLED BI-LAYER 

FREE-STANDING FLEXIBLE METAMATERIALS 

 

 

This chapter presents detail description of a free standing, thin film metal dielectric checkboard structure which is 

capable of enhancing the refractive index to unnaturally high values by exploiting the deep subwavelength coupling.  

Using this metamaterial structure a record high refractive index of 77.02+43.22i is obtained at terahertz frequencies. 

The chapter also describes a power law that governs the enhancement of the effective refractive index of the structure 

via deep subwavelength coupling in a bilayer design. This presents a far simpler and effective approach for refractive 

index enhancement. The approach relies on deep subwavelength coupling to obtain extremely high refractive index 

values that can lead to many practical applications in the field of imaging, lithography, design of delay lines and 

interferometers.  

3.1 Introduction  
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 In a sense, every material is a composite, even if the individual ingredients consist of atoms and molecules.[56] These 

natural atoms when replaced with artificially designed unit cell structures (meta-atoms), result in an engineered 

material that is now well known as metamaterials. Metamaterial properties are derived from their meta-atoms rather 

than their composition. These sub-wavelength meta-atoms can be designed with unique shapes and sizes, and wit-

fully arranged and oriented to achieve unconventional values of permeability [57] and permittivity [58], the 

characteristic electromagnetic properties of any material medium. By tailoring the electric and magnetic response of 

the material towards incident electromagnetic waves, the effective refractive index can be varied from negative[18, 

19, 59-62] to zero,[63-66] or even to higher positive values.[64, 67-72] Metamaterials have created a completely new 

dimension to engineered materials. This has offered an opportunity to build new devices with exotic 

functionalities.[73] Metamaterials are proven to be especially valuable in the terahertz regime, where most naturally 

existing materials exhibit weak electromagnetic wave response.[74-76] 

Recently, high-index metamaterials have drawn much attention.[69] Higher values of positive refractive indices are 

especially desired in the field of imaging and lithography, where the resolution scales inversely with the refractive 

index.[77] Increasing the refractive index over a large frequency range results in the broadband slow light, which can 

be used to enhance the storage capacity of the delay lines[78]. High indexed metamaterials may also enhance the 

spectral sensitivity of certain types of interferometers[79] and can benefit many other practical application areas. Most 

of the previous high indexed metamaterials offer a specific value of fixed high refractive index or short range of high 

index values.[72] Enhancing refractive index values for any of these previous structures usually involves dealing with 

complicated parameter trade-off equations or structural element changes[67, 80]. Another method used so far, to 

increase refractive index values, is to stack multiple layers of same structure, which is not only a complicated approach 

due to the alignment issues but also results in thicker metamaterials, and hence limits the maximum values of refractive 

index that can be achieved. Enhancing the effective value of refractive indices over a broad range, for a thin film, free   
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Reference article Frequency Highest value of ref. index 

Ref. 13. 0.384 THz 61.83 

Ref. 14. 0.333 THz, 14.36 

Ref. 16. 0.315 THz 54.87 

This work 2.11 THz 77.02 

Table 3.1. Performance comparison.  

The effective refractive index value of the current state of the art are compared with that of the proposed structure. 
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Fig. 3.1.  Microscopic images and Unit cell design.  

(a) Microscopic image of the fabricated samples(left). Dimensions of the checkboard structure are l = 60 μm, w = 5 

μm, d = 4 μm and t = 22 μm and 1 μm, respectively. The aluminum structures of thickness, tm = 0.2 μm are fabricated 

on both the sides of the polyimide substrate (spacer layer), 3D view shown on the right side. (b) Photograph showing 

flexibility of the fabricated free standing samples, with 22 μm and 1 μm substrate thickness, respectively 
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standing metamaterial, still remains a challenge. An effective refractive index values comparison of the proposed 

structure with that of the current state of the art is presented in Table 3.1.    

In this chapter, we propose and demonstrate a high index metamaterial that consists of an aluminum closed resonator 

array on two sides (front and back) of a mechanically stable, thin-film, free-standing polyimide substrate. Figure 3.1a 

shows the microscopic image of the checkboard structure. The structure is symmetrical in both the x- and y-directions, 

making the metamaterial insensitive to the polarization of incoming light at normal incidence. The inset of Figure 3.1a 

shows the design and dimensions of the unit cell structure of the metamaterial. The length of the metallic unit cell 

structure is set at 60 μm and the width of the metal bars, w is 5 μm. The entire sample consists of 156  156 unit cells 

with a periodicity of 64 μm.  

3.2 Experimental and numerical design 

To investigate the effect of deep subwavelength coupling in the proposed metamaterial structure, two samples with 

polyimide substrate thickness of 22 μm and 1 μm were fabricated and characterized using terahertz time-domain 

spectroscopy (THz-TDS) system. Two layers of polyimide (PI 2525) of 11 μm each, were spin coated on a silicon 

substrate by conventional lithography techniques, each followed by soft bake for 2 minutes at 120º C. The final 22 

μm thick polyimide spacer layer was cured at 150º C, with an increase of 5º C per minute up to 250º C, which was 

maintained to be constant for 30 minutes and then decreased to 100º C for 20 minutes. A single layer of polyimide (PI 

2610) was spin coated at 500 and 5000 rpm for 5 and 30 seconds, respectively, followed by a soft bake at 90º C for 

90 seconds. The 1 μm thick polyimide spacer layer was then heat cured with an increase of 4º C per minute from room 

temperature, up to 350º C, which was maintained for 30 minutes. Both the polyimide layers were finally allowed to 

be cooled down to room temperature.  
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An aluminum layer of 0.2 μm was uniformly deposited on the cured polyimide layers by thermal evaporation, which 

was patterned using a positive photoresist, PR1-4000A. The polyimide layer with metal structure was then peeled off 

from the silicon wafer to form a free standing sample. Another 0.2 μm thick aluminum layer was deposited and 

structured on blank side of the polyimide substrate. Finally, the fabricated thin-film, free-standing metamaterial 

samples are shown in Figure 3.1b.  

A photoconductive switch based THz-TDS system that consists of four parabolic mirrors, arranged in an 8f confocal 

geometry was used to characterize the transmission properties of the metasurface[81-83]. The transmission is recorded 

with the terahertz beam illuminating the sample at normal incidence, along the z-axis. The electric field vector is in 

the x-direction and the magnetic field vector is in the y-direction (x, y and z in Figure 3.1a). The 8f confocal system 

illuminates the metasurface sample with a focused terahertz beam of 3.5 mm waist diameter. The transmission 

amplitude is calculated as  

𝑡(𝜔) = |
𝐸𝑠(𝜔)

𝐸𝑟(𝜔)⁄ |,   (3.1) 

where 𝐸𝑠(𝜔) and 𝐸𝑟(𝜔) are the Fourier transform of the transmitted signal through the sample and the reference, 

respectively. The free space terahertz pulse in a dry nitrogen purged environment is used at normal room temperature 

as a reference. The experiment is conducted with 17 ps time-domain terahertz pulse scan, so as to provide a spectral 

resolution of 59 GHz to the measurements. 

The measured transmission amplitude through the metamaterial sample (orange) and air as reference (pink) are shown 

in Figure 3.2 a, for both 22 μm and 1 μm samples, respectively.  
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The transmission through the 22 μm sample is quite significantly attenuated beyond 1.12 THz and remains almost 

zero in the frequency band of 1.2-2.1 THz. An extensive set of simulations have been performed using commercially 

available Finite Integration Method solver in CST microwave studio.  

During simulations, the sample shows an angle independent behavior, hence the angle of incidence was kept normal 

to the sample surface. The background material properties were set to type normal, i.e. air with ɛ = 1.0 and µ = 1.0. 

Closed electric and magnetic boundary conditions were set along the x-axis and y-axis, respectively, while an open 

boundary condition was employed along the z-axis. The observation ports were set at a distance of 5 μm along the z-

axis from the sample surface, in order to obtain far field response for the x-polarized incident wave. Polyimide (lossy) 

with permittivity (Re[Ɛ] = 2.96)[67] and aluminum with conductivity 2.2×107 S/m[84] available with the CST 

material library are used in the simulation. Experimentally measured and the simulated, transmission amplitudes are 

found to be in excellent agreement with each other, as shown in Figure 3.2b, for both 22 μm and 1 μm samples, 

respectively. The slight deviations arise from the non-conformities during the fabrication process and variations in the 

material parameters used for the simulations.  

3.3 Results and discussion 

The simulated reflection parameter, S11 (green) and the simulated transmission parameter, S21 (blue) for the 22 μm 

and 1 μm samples are shown in Figure 3.3a. For the 22 μm sample, the transmission is drastically suppressed after 

1.12 THz, and the reflection reaches unity while in the case of the 1 μm sample the reflection gradually approaches to 

unity near 1.5 THz.  This clearly shows that most of the incident wave energy is reflected back rather than being 

scattered at non-zero angles with respect to the surface normal. The checkboard structure can be seen as an infinite 

periodic grating, in reference to diffraction theory. Since  
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Fig. 3.2. Simulated and measured transmission map.  

(a) Measured transmission amplitude for the 22 μm and 1 μm thick samples is compared with that of the reference, 

air and (b) comparison between the simulated and the measured transmission magnitude (normalized w.r.t. air as 

reference) for the samples is shown for the 22 μm and 1 μm thick samples, respectively 
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Fig. 3.3. Simulated S-parameter and calculated refractive index.  

(a) Simulated reflection, S11 (green) and simulated transmission, S21 (blue). (b) Calculated complex refractive index 

of the samples with peak values 7.78+0.96i at 0.839THz and 41.8+22.07i at 2.026 THz for the 22 μm and 1 μm 

samples, respectively 
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the unit cell of periodicity 64 µm is much smaller as compared to the wavelength of interest (~299 µm), the first order 

diffraction for the structure does not exist at normal incidence.  

The standard parameter retrieval equation was adopted for the refractive index extraction using the simulated 

transmission (S21) and reflection (S11) values[85]. In order to choose the correct branch of the real part of the 

refractive index[86], a customized matlab code[87] is used to extract the complex refractive index of the metamaterial 

solving the following equations[86].  

𝑆11 =  
𝑅01(1−𝑒

𝑖2𝑛𝑘0𝑑𝑒𝑓𝑓)

1−𝑅01
2 𝑒

𝑖2𝑛𝑘0𝑑𝑒𝑓𝑓
,   (3.2a) 

𝑆21 =  
(1−𝑅01

2 )𝑒
𝑖𝑛𝑘0𝑑𝑒𝑓𝑓

1−𝑅01
2 𝑒

𝑖2𝑛𝑘0𝑑𝑒𝑓𝑓
,                 (3.2b) 

where 

𝑅01 =
𝑍−1

𝑍+1
,     

𝑧 = ±√
(1+𝑆11)2 − 𝑆21

2

(1 − 𝑆11)2 − 𝑆21
2 ,    

deff is the effective thickness of the homogeneous slab. In order to consistently estimate the effective refractive index, 

the sum of substrate thickness, t and twice of metal layer thickness, tm (for two layers) is used as deff, effective thickness, 

for equation 2a and 2b. Since the experimental and the simulated transmission amplitudes are in excellent agreement 

with each other, the simulated transmission (S21) and reflection (S11) values can be reliably used for the estimation 

of the effective parameters. 

The calculated effective refractive index of the medium, with the highest peak value of 7.78+0.96i at 0.839 THz is 

obtained for the 22 μm sample while it is 41.8+22.07i at 2.026 THz for the 1 μm sample as shown in Figure 3.3b. 
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When there is a decrease of 95.5% in the thickness of the sample, the real part of the refractive index shows an increase 

of 437.3%. It is interesting to note that although the imaginary part of the refractive index, which is indicative of the 

absorption losses in the sample, shows an increase of 2203.76%, with the same decrease in sample thickness, the value 

of the imaginary part is smaller as compared to their real counterparts, hence it does not significantly hamper the 

performance of the samples. The smaller value of the imaginary part of the refractive index as compared with their 

real counterparts, for both the 22 μm and 1 μm samples, at the respective frequencies of interest is indicative of lower 

absorption losses in the metamaterial.   

It is worth noting that the effective homogeneity condition, which requires that the thickness along the propagation 

direction is smaller than the operating wavelength, remains valid throughout the frequency band of operation [67]. 

The effective permittivity and permeability of metamaterial samples are numerically extracted using the following 

equations [86] 

Ɛ𝑒𝑓𝑓 =
𝑁𝑒𝑓𝑓

𝑍𝑒𝑓𝑓
,  (3.3a) 

and 

µ𝑒𝑓𝑓 = 𝑁𝑒𝑓𝑓 . 𝑍𝑒𝑓𝑓 , (3.3b) 

where Neff and Zeff are the effective refractive index and normalized impedance retrieved from the S-parameters, 

respectively[67].  

The real part of the effective refractive index (red) for 22μm samples shown in Figure 3.3b, shows two peaks. The 

first peak value of the real part of the effective refractive index is due to permeability peak of 9.75+7.69i at 0.827   
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Fig. 3.4. Calculated permeability and permittivity.  

(a) and (b) Numerically obtained values of effective permeability and permittivity from the S-parameter retrieval 

method for the 22 μm and 1 μm samples, respectively. 
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THz and the second local maxima of the real part of the effective refractive index, is contributed by the effective 

permittivity peak of 287.6+198.8i, at 1.623 THz, as shown in Figure 3.4a. 

This clearly shows that the peak effective refractive index of the 22 μm sample is contributed by the high magnetic 

activity [88-90][ of the structure at resonance frequency. Similarly, for the 1 μm sample, the first local maxima of the 

real part of the effective refractive index (red), as shown in Figure 3.3b, is due to the permeability peak of 2.51+1.484i 

at 0.967 THz, as shown in Figure 3.4b, while the second maxima, which also happens to be the peak value of the real 

part of the effective refractive index, is contributed mainly by the permittivity peak of 2336+1993i at 1.99 THz and 

not by the permeability, which remains unity at the frequency of interest, as shown in Figure 3.4b.  For both 22 μm 

and 1 μm samples, we observe two peaks in the real part of the effective refractive index values. The first peak appears 

due to high permeability of the sample and the second peak is contributed mainly by the high permittivity of the 

sample. In the case of the 22 μm sample, the highest value of the real part of the effective refractive index (first peak) 

appears due to high permeability of the sample, while in the case of the 1 μm sample, the highest values of the real 

part of the effective refractive index (second peak) appears due to the high permittivity of the sample. This 

exceptionally high value of the effective permittivity, in the case of the 1 μm sample is in fact, the result of the deep 

subwavelength coupling between the meta-atoms on the opposite sides of the structure, which is enhanced due to the 

decrease in the substrate thickness.  

Moreover, it is noteworthy that in Figure 3.4a and b, the imaginary parts of both permittivity and permeability attain 

negative values for different frequencies. This is not in contradiction with any physical law[91-95]. The dissipated 

energy, W is given by the following equation,[94] 

𝑊 =
1

4𝜋
∫ 𝑑𝜔𝜔[ 𝜀′′|𝐸(𝜔)| 2 + µ′′|𝐻(𝜔)| 2],       (3.4) 
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where 𝜀′′  𝑎𝑛𝑑 µ′′ are the imaginary parts of the effective permittivity and permeability, respectively. The condition 

W>0, does not require that 𝜀′′ 𝑎𝑛𝑑 µ′′ must be simultaneously positive.[96] We further investigate the distribution 

of electromagnetic field inside the structure, the electric and magnetic energy density at 0.839 THz for the 22 μm 

sample and at 2.026 THz for the 1 μm sample is shown in Figure 3.5. For the x-polarized incident electromagnetic 

wave, the electric energy is mainly concentrated on the edges of the structure along the y-axis, which shows a strong 

coupling between the adjacent structures on the same side of the substrate. The magnetic energy density inside the 

structure is very weak, other than central metal bar along the x-axis. Owing to the thin metal layer of 200 nm and 5 

μm width, the area subtended by the induced current loop is very small, which does not support a high magnetic 

moment and hence, leading to an extremely low diamagnetic effect at the frequency band of interest[44, 67, 69]. The 

permittivity of metamaterials, which is mainly due to the strong capacitive coupling between the adjacent unit cell, 

can be increased multiple-fold, by decreasing the substrate thickness and hence allowing deep subwavelength 

coupling between the meta-atoms on the opposite sides of the structure. In order to explore the enhancement of the 

effective refractive index by means of deep sub-wavelength coupling, an extensive study of six samples with varying 

dielectric spacer thickness has been carried out. All the geometric parameters except for the dielectric thickness (t) are 

kept constant for all the samples. The effect of the change in thickness, t of the polyimide spacer layer on the effective 

refractive index of the metamaterial is shown in Figure 3.6a.   

Refractive index as high as 77.02 at 2.11 THz is achieved by reducing the polyimide spacer thickness to 100 nm. This 

value of refractive index is five-fold higher than that of the initial structure, with 22 μm thick spacer layer. The 

numerical simulations demonstrate, that as the spacer thickness decreases, the deep subwavelength coupling between 

the meta-atoms on the opposite side of the spacer layer is enhanced which leads to an increase in the effective refractive 

index of the sample.  

The numerically calculated peak value of the effective refractive indices as a function of the dielectric spacer thickness   
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Fig. 3.5. Energy density.  

Simulated distribution of the electric and magnetic energy density at 0.839 THz and 2.026 THz for the 22 μm and 1 

μm samples, respectively. 
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is shown in Figure 3.6 b. To our surprise, the peak value of the effective refractive indices (Npeak) demonstrates a 

universal power law behavior, with respect to the dielectric spacer thickness (t) described by  

𝑁𝑝𝑒𝑎𝑘 = 37.076𝑡−0.424,                       (3.5) 

at the spacer thickness less than 5 um. This is further verified by plotting the natural log of both spacer thickness and 

the peak value of the effective refractive indices shown in Figure 3.6c. The data could be easily fit to a straight line, 

which is a signature of the power law and is indicative of the scale invariance and the universality of the function, 

𝑙𝑛(𝑁𝑝𝑒𝑎𝑘) = −0.4243𝑙𝑛(𝑡) + 3.613.  (3.6) 

The above equation clearly establishes, that exploiting the deep subwavelength coupling between the meta-atoms on 

the opposite side of the substrate by tailoring the dielectric spacer thickness, is one of the most straightforward and 

efficient ways to enhance the peak refractive index over a much wider range of values. The significance of this finding 

lies in the ease and capability to use a rather simple structure, to achieve the precise values of the positive high 

refractive index, as required in various fields of application. 

The effect of deep sub-wavelength coupling can be clearly visualized by the surface current distribution in the 

structure. Figure 3.7 shows the surface current distribution for the 22 μm and 1 μm thick samples. 

The metal structure on the back side of the 22 μm thick substrate (that acts as the spacer) is weakly coupled with that 

of the front side metal closed ring, as seen by the incident wave, leading to lower permittivity and hence lower effective 

refractive index peak as compared to that of thinner substrates. For the 1 μm spacer thickness, there exists a 

significantly strong subwavelength coupling between the opposites sides of the substrate, as illustrated in Figure 3.7 

by the stronger surface current distribution.  

Another set of simulations was carried out, in order to study the effect of alignment between the two sides of the   
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Fig. 3.6. Effective refractive index versus substrate thickness.   

(a) Calculated effective refractive index for the various spacer thicknesses, (b) change in the peak value of the effective 

refractive index w.r.t. the spacer thickness and (c) natural log of the peak refractive index versus natural log of the 

spacer thickness 
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Fig. 3.7. Surface current distribution.  

Top and perspective view of the surface current distribution for normal incident wave along the z-direction inside the 

structure with (a) 22 μm thick substrate and (b) 1 μm thick substrate. 
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structure, on the peak refractive index value. It was observed that the peak refractive index value which depends on 

the strength of the subwavelength coupling between meta-atoms at the two sides of the sample, as visualized by the 

surface current distribution in Figure 3.7, in turn depends on the amount of the area of the metallic elements of the two 

sides being superposed on each other. This finding opens up another opportunity for further enhancement of the 

refractive index, by changing the structure, such that there is an increase in the superposition area between the two 

sides.   

We further investigated the effect of the change in the refractive index of the spacer layer to enhance the deep 

subwavelength coupling between the two metal sides of the structure. In order to systematically examine the effect of 

the change in the substrate refractive index on the effective refractive index (Neff) of the overall structure, two samples 

with 22 μm and 1 μm thicknesses were simulated and studied with varying substrate refractive index, keeping all other 

dimensions of the structure constant. The effective refractive index of the structures increases with increasing the 

substrate refractive index, as shown in Figure 3.8a and 3.8b. The higher refractive index substrates further facilitated 

the coupling between the meta-atoms on opposite sides of the samples. The plot of the peak value of the effective 

refractive index (Npeak) as a function of the spacer layer refractive index (Nspacer) for 22 μm and 1 μm samples, shown 

in Figure 3.8 a and 3.8 b, perfectly follows linear behavior, and is expressed as Equations 3.7 and 3.8, respectively, 

   Npeak = 3.5052Nspacer + 1.6309,    (3.7) 

 Npeak = 6.5148Nspacer + 29.951.                   (3.8) 

This finding is significant, as it provides the capability to further tailor the effective refractive index of the 

metamaterial, independent of the thickness of the substrate. Moreover, the fact, that Equation 3.8 for the 1 μm sample, 

shows a steeper slope as compared to that of Equation 7 for the 22 μm sample, indicates that increasing the spacer 

metamaterial, independent of the thickness of the substrate. Moreover, the fact, that Equation 3.8 for the 1 μm   
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. 

Fig. 3.8. Effective refractive index versus substrate refractive index.  

Calculated effective refractive index for varying the spacer refractive index for (a) 1 um and (b) 22 um thick samples. 

Change in the peak value of the effective refractive index of the sample with respect to the spacer refractive index for 

(a) 1 um and (b) 22um thick samples. 
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sample, shows a steeper slope as compared to that of Equation 7 for the 22 μm sample, indicates that increasing the 

spacer refractive index is more effective when the sample thickness is low. Theoretical and numerical simulations 

reveal that by combining the effect of the both, decreased substrate thickness, to 0.1 μm and increased substrate 

refractive index, of 5 units, a peak refractive index of 83.42 at 1.93 THz, can be achieved 

3.4 Conclusion  

We have experimentally and numerically demonstrated the effect of enhancing the deep subwavelength coupling to 

achieve extremely high refractive index in terahertz metamaterials. More than five-fold enhancement in the peak value 

of the effective refractive index was realized by merely altering the dielectric spacer thickness. As a result, a peak 

refractive index of about 77.02 at 2.11 THz was experimentally characterized. Exploiting deep subwavelength 

coupling, by means of varying dielectric spacer thickness would benefit other metamaterials structures as well, to 

enhance the peak values of their refractive index. Such designs of high refractive index metamaterials may find 

applications in terahertz photonics where the naturally occurring materials have limited response 
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CHAPTER VI 

 

 

TERAHERTZ SENSING OF HIGHLY ABSORPTIVE WATER- METHANOL MIXTURES 

WITH MULTIPLE RESONANCES IN METAMATERIALS 

 

Terahertz sensing of highly absorptive aqueous solutions remains challenging due to strong absorption of water in the 

terahertz regime. In this chapter, we experimentally demonstrate a cost-effective metamaterial-based sensor integrated 

with terahertz time-domain spectroscopy for highly absorptive water-methanol mixture sensing. This metamaterial 

has simple asymmetric wire structures that support multiple resonances including a fundamental Fano resonance and 

higher order dipolar resonance in the terahertz regime. Both the resonance modes have strong intensity in the 

transmission spectra which we exploit for detection of the highly absorptive water-methanol mixtures. The 

experimentally characterized sensitivities of the Fano and dipole resonances for the water-methanol mixtures are 

found to be 160 and 305 GHz/RIU, respectively. This method provides a robust route for metamaterial-assisted 

terahertz sensing of highly absorptive chemical and biochemical materials with multiple resonances and high 

accuracy. 

4.1 Introduction
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Metamaterials exhibit strong optical response towards the presence of an analyte due to strong localization and 

enhancement of the electromagnetic fields. Such a response enables material sensing with metamaterials in different 

spectral range, extending from microwaves to optics [103-110]. 

Recently, metamaterial-assisted sensing platform integrated with terahertz spectroscopy has attracted a lot of interests 

and is being increasingly implemented for chemical and biological sensing[109-125]. The key advantages of this 

sensing platform include high sensitivity, real-time, and label-free detection. However, at terahertz frequencies, owing 

to the strong absorption of polar liquids, such as water, most of these studies have typically been limited to dry or 

partially hydrated specimens. Very few reports on direct liquid sensing based on terahertz metamaterials have been 

presented [109, 114-116, 118, 120]. Since most of the functionalities of chemical and biological materials are 

expressed in water, the key solvent of most biological substances, therefore, it is important to realize readily available 

and cost- effective sensing platforms for water-based real biological systems. 

We demonstrate a cost-effective metamaterial sensor with a simple metallic structure but strong and sensitive multi-

modal resonance for highly absorptive water- methanol mixtures. The metamaterial sensor that consists of asymmetric 

dual-wire arrays offers the ease of fabrication and exhibits multi-modal resonances, including a Fano resonance dip, 

a dipole resonance dip, and a Fano transmittance peak between the two dip resonances due to structural symmetry 

breaking. Predominantly, both resonances have strong intensity and are able to sense highly absorptive solutions. 

Sensing accuracy can be improved by detection of frequency shifts at multiple resonances. In addition, we use free-

standing, transparent and thin Mylar substrate with a total thickness of 22 μm. The thin substrate with lower dielectric 

constant has lower influence on the capacitance of the resonators, thus enhancing the sensitivity [126-130][31–35]. 

We demonstrate that the proposed metamaterial sensor combined with terahertz time-domain spectroscopy (THz-

TDS) could be effectively utilized in terahertz sensing of water-methanol mixtures with the capability to identify 
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solvent type and determine the corresponding concentrations. This work would motivate metamaterial- assisted 

terahertz sensing for chemical and biological substances in highly absorptive aqueous systems. 

4.2 Metamaterial structure and simulation 

Figure 4.1(a) shows the microscopic image of the proposed asymmetric dual-wire resonator (ADWR) with the inset 

showing the unit cell schematic. The unit structure is composed of two aluminum (Al) wires placed in parallel on the 

Mylar substrate. The detailed structural parameters are as follows: Px = 80 μm, Py = 126 μm, L1 = 60 μm, (fix all 

subscripts issues) L2 = 106 μm, d = 20 μm, and ω = 6 μm. The thicknesses of the Al and Mylar films are 200 nm and 

22 μm, respectively. Numerical simulation of the ADWR was carried out using CST Microwave Studio frequency 

domain solver with tetrahedral mesh [131]. The Mylar substrate was modeled as a lossless dielectric with dielectric 

permittivity ε = 2.89 and the DC conductivity σ of Al was set to be 3.56 × 10-7 S/m. 

4.3 Experiment 

The ADWR was fabricated using the following processes: the dual-wire structures were first patterned on Mylar 

substrate by conventional photolithography using positive photoresist. A 200-nm-thick Al film was then thermally 

deposited and followed by lift-off process. 

Double-distilled water (home-made) and methanol with a purity higher than 99.9% (Pharmco-AAper) were used in 

this work without further purification. The water-methanol mixtures were prepared with 0%, 30%, 50%, 70%, 100% 

(v/v %) water volume percentage. 

The ADWR and water-methanol mixtures were measured by a traditional photoconductive switch-based THz-TDS 

system [115, 132][20, 37]. Figure 4.1(b) shows the schematic diagram of liquid sample measurement using ADWR-

assisted THz-TDS. The ADWR was placed in a quartz cuvette composed of two parallel, 60-μm-spaced, and 1-mm-   
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Fig. 4.1. Proposed asymmetric dual-wire resonator (ADWR).  

(a) Microscopic image of the ADWR with the inset showing the schematic unit structure where Px = 80 μm, Py = 

126 μm, L1 = 60 μm, L2 = 106 μm, d = 20 μm, and ω = 6 μm. (b) Schematic diagram of liquid sample measurement 

by ADWR combined with THz-TDS. 
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thick windows with the side of the Mylar substrate closely attached to one of the quartz windows. The liquid sample 

was then injected into the cuvette. The cuvette was sealed and placed midway between the transmitter and receiver in 

the focused beam of the THz-TDS system. The polarization of the incident terahertz field was parallel to the wires. 

An identical empty quartz cuvette was used as the reference. The amplitude transmission t(ω) was obtained by the 

following equation: 

𝑡(𝜔) = |𝐸𝑠 (𝜔)| 𝐸𝑟 (𝜔)⁄ ,  (4.1) 

where  Es (ω)  and  𝐸r (ω)  are the fast Fourier transformed (FFT) transmitted electric fields of the sample and the 

reference pulses, respectively, ω is the angular frequency. The average of three repeated transmission measurements 

was used for further analysis. 

4.4 Analysis of simulation results 

Figure 4.2(a) presents the simulated amplitude transmission of the ADWR and the two individual wire structures with 

L1 = 60 μm, L2 = 0 μm, and L1 = 0 μm, and L2 = 106 μm. The two individual bar structures resonated at two different 

frequencies due to their unequal wire lengths. The short wire resonated at a higher frequency, f = 1.695 THz, while 

the longer wire resonated at a lower frequency, f = 1.068 THz. However, once the two bars were placed together, the 

resonance in the coupled ADWR exhibited multi-modal resonances including an asymmetric resonance dip at 1.038 

THz, a transmittance peak at 1.269 THz, and a symmetric resonance dip at 1.734 THz. It should be noted that the two 

resonance dips happened to be located near the two resonance dips of the individual wire arrays. The insets of Fig. 

4.2(a) present the surface current distributions at the two resonance dips of the coupled ADWR. We observed Fano-

like antiparallel currents at 1.038 THz and a dipole-like parallel currents at 1.734 THz. 

In order to understand the mechanism of these multi-modal resonances especially the Fano resonance, we investigated 

the transmission responses of dual-wire resonators (DWRs) with different asymmetries. Figure 4.2(b) shows the 
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simulated amplitude transmission of the DWRs, including one perfectly symmetric dual-wire resonator (SDWR) with 

L1 = L2 = 60 μm and five ADWRs with L2 increasing from 60 to 120 μm, but a constant L1 = 60 μm. The other 

parameters of these DWRs remain unchanged as Px = 80 μm, Py = 126 μm, d = 20 μm, and ω = 6 μm. For the SDWR, 

there was only a single resonance at 1.824 THz observed in the transmission. However, when the two wires had 

different lengths, that is, the structural asymmetry was introduced, multi-modal resonances would appear. In addition, 

a gradual red shift was observed for both resonances, and the Fano resonances became significantly broader but 

stronger with the increase of the asymmetry. These phenomena could be contributed to the destructive interference 

between the two wires caused by symmetry breaking [133-136]. In the symmetric system, there was no destructive 

interference between the two wires, and hence only one broad dipole resonance in the transmission spectra is seen. 

However, once the structural symmetry is broken in the unit cell with two unequal lengths of wires, the destructive 

coupling at lower frequency leads to antiparallel surface current distribution that gives rise to the sharp Fano resonance. 

The surface current distribution at higher frequency is parallel in nature thus leads to dipolar resonance mode, as shown 

in the inset of Fig. 4.2(a). When the length difference between the two wires was increased, the Q factor of the Fano 

resonance dip was declined with increasing resonance intensity, as shown in Fig. 4.2(b). We further investigated the 

sensitivity of the Fano and dipole resonance dips in the ADWRs with varying L2 shown in Fig. 4.2(b) using rigorous 

simulations. The shifts in the resonance frequency at 4 μm analyte thickness and varying refractive index from n = 1.0 

to n = 1.6 with an incremental step of 0.2 were calculated. Table 4.1 lists the simulated Fano and dipole resonances 

sensitivities in terms of change in resonance frequency per refractive index unit (RIU) of the analyte and Fano 

resonance intensities of the ADWRs. The Fano resonance intensity here was defined as the power transmission (the 

square of the amplitude transmission) difference between the Fano resonance dip and the Fano transmittance peak.  
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Fig. 4.2. Simulated transmission  

(a) the ADWR with L1 = 60 μm, L2 = 106 μm (red solid circle) and the two individual wire structures with L1 = 60 

μm, L2 = 0 μm (black triangle) and L1 = 0 μm, L2 = 106 μm (blue square) with the insets depicting the surface current 

distributions of the ADWR at 1.038 and 1.734 THz, and (b) DWRs with different asymmetries where L2 was 

increased from 60 to 120 μm, but a constant L1 = 60 μm. 
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L2(um) 

Fano Dipole 

Sensitivity Intensity Sensitivity 

62 268 0.075 200 

66 266 0.414 217 

80 217 0.744 220 

106 176 0.861 245 

120 161 0.877 258 

Table.4.1. Summary of Resonance sensitivity 

Summary of the simulated Fano and dipole resonances sensitivity (unit: GHz/RIU) and Fano intensity of the 

ADWRs with varying L2 (unit: μm). 
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When the length difference between the two wires was increased with the increasing L2, the Fano resonance 

sensitivity was gradually decreased from 268 to 161 GHz/RIU, while the dipole resonance sensitivity was gradually 

increased from 200 to 258 GHz/RIU and even higher than the Fano resonance sensitivity when L2 exceeded 80 μm, 

as shown in Table 4.1. 

In a typical Fano resonance, the resonance linewidth is narrower than dipolar resonances. However, sharp Fano 

resonances also suffer from the problem of having very weak resonance intensities [136]. Since the absorption of the 

analyte in our case was extremely large, a weakly excited Fano resonance would not be enough to sense the absorptive 

analytes. Therefore, in order to enhance the intensity of the Fano resonance, we increased the asymmetry parameter 

in the structure which lead to large broadening of the Fano resonance along with simultaneous enhancement in the 

resonance intensity. The broadening of Fano resonance even exceeded the linewidth of the dipolar resonance which 

explains the higher sensitivity of the dipolar resonance, as shown in Table 4.1. Though the Fano resonance sensitivities 

of the ADWRs with L2 below 106 μm were higher, their intensities were below 0.8. Therefore, we selected the 

ADWR with L1 = 60 μm and L2 = 106 μm for further experimental study of highly absorptive water-methanol 

mixtures. From our observation of the simulated electric fields, the Fano resonance of the selected ADWR shows 

super-radiative excitation of fields and the higher frequency dipolar resonance shows the sub-radiative fields where 

the longer metallic bar almost remains unexcited and the intense electric fields are confined on the smaller metal bar, 

as shown in Fig. 4.3. Therefore, the dipole resonance here has narrower resonance linewidth and higher sensitivity 

than Fano. 

We also investigated the single dipole resonance sensitivity for single wire structures with varying wire length L 

increased from 60 to 120 μm. The single dipole resonance sensitivity was gradually decreased from 277 to 161 

GHz/RIU with increasing L. Even though the highest dipole resonance sensitivity of single wire structure (277 

GHz/RIU) was a little higher than the dipole resonance sensitivity of the selected ADWR (245 GHz/RIU), the selected   
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Fig. 4.3. Simulated electric field distribution of ADWR  

with L1 = 60 μm and L2 = 106 μm at (a) at 1.038 THz, Fano resonance dip and (b) 1.734 THz, dipole resonance dip 

without analyte coated on the metasurface. 

  



72 
 

ADWR has particular importance in material sensing due to its improved sensing accuracy by detection of frequency 

shifts at multiple resonances. Besides, the Fano resonance dip sensitivity of the selected ADWR (176 GHz/RIU) was 

significantly higher than the reported terahertz asymmetric split ring (TASR) with identical analyte thickness (36.7 

GHz/RIU)[122] . 

4.5 Analysis of experimental results 

We first measured the terahertz transmissions of the water-methanol mixtures in a quartz cuvette without ADWR and 

extracted the refractive indices of different water contents for subsequent measurements with ADWR. Figure 4.4(a) 

depicts the measured frequency- dependent amplitude transmissions of the water-methanol mixtures with various 

water contents from 0% (pure methanol) to 100% (pure water) at 0.5-2 THz. The measured amplitude transmission 

of different water-methanol mixtures was decreased with increasing water content due to stronger absorption of water 

than methanol. The refractive indices n(ω) of different water-methanol mixtures was derived from the transmission 

results by the following equation[137, 138] . 

𝑛(𝜔) =  
𝑐|Ф𝑠−Ф𝑟|

𝜔𝑑
+  𝑛𝑟 , (4.2) 

where Ф𝒔 and Ф𝒓 are the phases of the sample and reference, respectively, c is the speed of light, ω is the angular 

frequency, d is the thickness of the liquid sample, and nr is the refractive index of the reference. Figure 4.4(b) presents 

the frequency-dependent refractive indices of different water-methanol mixtures. The refractive indices of the water-

methanol mixtures increased with increasing water content due to higher refractive index of water. The refractive 

indices of pure methanol and pure water, as shown in Fig. 4.4(b), agreed well with previous works[139, 140]. 

Subsequently, we measured the water-methanol mixtures with ADWR. Figure 4.5(a) shows the measured amplitude 

transmission of the bare ADWR metamaterial. The simulated amplitude transmission was also shown for comparison.   



73 
 

 

 

Fig. 4.4. Measured Transmission and refractive indices 

(a) Measured transmission and (b) refractive indices of the water-methanol mixtures with different water contents 

ranging from 0% to 100%. 
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We can observe that the experimental amplitude transmission of the bare ADWR is in good agreement with the 

simulation. In order to increase the difference between water-methanol mixtures measured by ADWR-assisted THz-

TDS, we used the normalized transmittance method. The normalized amplitude transmission T(ω) of water-methanol 

mixtures measured by the ADWR-assisted THz-TDS was obtained by the following equation: mixtures measured by 

the ADWR-assisted THz-TDS was obtained by the following equation: 

𝑇(𝜔) =  
𝑡𝑚𝑖𝑥𝑡𝑢𝑟𝑒+𝐴𝐷𝑊𝑅 (𝜔)

𝑡𝑚𝑒𝑡ℎ𝑎𝑛𝑜𝑙(𝜔)
, (4.3) 

where tmixture+ADWR (ω)is the amplitude transmission of water-methanol mixtures measured by the ADWR-

assisted THz-TDS, tmethanol (ω)is the amplitude transmission of 100% methanol obtained by THz-TDS without 

ADWR shown in Figure. 4.5(a), and ω is the angular frequency. Figure 4.5(b) presents the normalized amplitude 

transmission T(ω) of the water-methanol mixtures with ADWR. A gradual red shift was observed at all resonances 

(Fano resonance dip, Fano transmittance peak, and dipole resonance dip) with increasing water contents due to the 

increasing refractive indices of the water-methanol mixtures under test at the resonance frequency. Besides, the 

amplitude transmission of water-methanol mixtures at the Fano transmittance peak with ADWR decreased with the 

increase of water content which was similar to the trend obtained with traditional THz-TDS without ADWR shown 

in Figure 4.4(a). A clearer difference in the amplitude transmission between different water contents was observed in 

the Fano transmittance peak using ADWR, which demonstrates a higher sensitivity of the ADWR-assisted THz-TDS 

than the conventional THz-TDS. 

We plotted the resonance frequency shift against the refractive index of the water- methanol mixture for all resonances 

in Fig. 4.6(a). Sensitivities of the Fano resonance dip, Fano transmittance peak, and dipole resonance dip turned out 

to be 93, 160, and 305 GHz/RIU, respectively. Note that even though, the sensitivity at Fano resonance dip and dipole 

resonance dip seems not to be so distinctive, the calculated sensitivities clearly prove otherwise. More importantly,   
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Fig. 4.5. Experimental vs Simulated transmission 

(a) Experimental and simulated transmission through the bare ADWR metamaterial. (b) Normalized measured 

transmission of the water-methanol mixtures obtained by ADWR- assisted THz-TDS. 
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Fig. 4.6. Measured frequency shifts 

(a) Fano resonance dip, Fano transmittance peak, and dipole resonance dip with the changes of refractive indices of 

different water contents. (b) Resonance frequencies and transmission values of the Fano transmittance peak with the 

changes of refractive indices of different water contents. 
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the amplitude of the Fano transmittance peak fitted exponentially with the changes of the refractive indices or the 

concentrations of water in the mixtures and their  resonance frequencies were linear fitted with the changes in refractive 

indices when measuring with ADWR, as shown in Fig. 4.6(b). Thus we are able to realize qualitative and quantitative 

sensing of methanol and water simultaneously with ADWR- assisted THz-TDS. 

4.6 Conclusion 

By breaking the symmetry of dual-wire structures via unequal lengths, we obtained a readily available metamaterial 

with multi-modal resonances in the terahertz regime. By further optimizing the geometry design, a practicable 

terahertz metamaterial sensor with strong multi-modal resonances and high sensitivities was achieved for efficient 

sensing of strongly absorptive water-methanol mixtures. The experimental results of the water-methanol mixtures 

sensing show that the demonstrated metamaterial achieves frequency sensitivities of 93, 160, and 305 GHz/RIU for 

the Fano resonance dip, the Fano transmittance peak, and the dipole resonance dip, respectively. This metamaterial 

presents a promising avenue for highly accurate, cost-effective, label-free, real-time, qualitative and quantitative 

terahertz sensing of chemical and biological substances in water, methanol, and other types of highly absorptive 

aqueous systems. As for the real measurements of biological materials, the sensitivity and selectivity of the proposed 

metamaterial can be further improved by optimizing the structural parameters to match the resonance frequencies of 

the objective biological molecule and specific chemical reaction between the biological target and binding agents 

immobilized on the metamaterial. Real-time monitoring can be achieved by integrating with microfluidic devices.  
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CHAPTER V 

 

 

BANDWIDTH BROADENING OF A LINEAR POLARIZATION CONVERTER BY NEAR-

FIELD METASURFACE COUPLING 

 

 

We experimentally demonstrate a highly efficient, broadband linear polarization converter functioning at terahertz 

frequencies. The linear polarization converter is composed of three metasurfaces and two dielectric layers interlaced 

with each other. The neighboring unit cells of the central metasurface layer of the linear polarization converter exhibit 

strong electromagnetic coupling, which increases the number of resonances and results in significant bandwidth 

broadening. The simulation and experimental results show that in the frequency range of 0.2 to 0.4THz, the proposed 

polarization converter has a flat transmission curve and exhibits a transmission efficiency that is higher than 80%. 

High performance terahertz polarization conversion is desirable in many fields, such as terahertz spectroscopy, 

imaging, and communications. 

5.1 Introduction
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The rapid advancement of terahertz science has led to the development of many practical applications in the fields of 

imaging, sensing, communications, and biomedicine[141-143]. For these applications, high-performance terahertz 

components, such as modulators[144, 145], lenses[146], wave plates[147], switches, and polarization converters[148-

150], are essential for terahertz wave manipulation. Conventional polarization devices are generally realized by using 

birefringence in nematic liquid crystals or polymers[147-151] and are based on the mechanism of phase retardation 

between the two orthogonally polarized waves propagating along the device. Therefore, conventional polarization 

devices usually require a specific thickness and bulky configurations to obtain sufficient phase accumulation[152, 

153]. It is extremely challenging to integrate these polarization converters within ultra-thin devices, such as advanced 

sensors and nanophotonic devices. Thus, novel approaches are desired to control the polarization state of the 

electromagnetic waves. 

Metasurfaces, which are planar, two-dimensional, artificially engineered materials, have attracted extensive research 

interest for many potential applications[154-156]. By rationally designing the unit cells of the metasurfaces, one can 

achieve many interesting electromagnetic (EM) properties that have not yet been found in natural materials. Thus, 

metasurfaces provide a novel way to manipulate EM waves, including their polarization state. In recent years, many 

metasurface based polarization devices with diverse functionalities, such as linear to linear, linear to circular, and 

circular to circular polarization conversion, have been demonstrated[157-159]. The polarization converters that 

function in transmission mode usually have the disadvantages of being narrowband and having a low polarization 

conversion efficiency. Hence, most of the high-performance devices operate mainly in reflective mode. Although a 

few novel metasurfaces have been proposed to improve the performance of the transmission polarization 

converter[160, 161], achieving a high conversion efficiency over a broad bandwidth remains challenging. 
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In this letter, we present a linear polarization converter operating in transmission mode at terahertz frequencies. We 

experimentally and theoretically demonstrate that the proposed polarization converter is able to rotate linearly 

polarized EM waves by 90° in a broad bandwidth ranging from 0.2 to 0.4 THz and with an over 80% polarization 

conversion efficiency. Compared with other types of polarization converters[150, 160, 162], the high conversion 

efficiency bandwidth of the proposed polarizer is effectively extended. 

5.2 Design and measurement 

A schematic configuration of the proposed transmission-mode linear polarization converter is described in Figure 

5.1(a). It consists of two metallic gratings, a double L-shaped metasurface and two dielectric plates. Mylar (ε = 3.1 + 

0.02i) films with thickness t = 75 µm are used as the dielectric plates, which are employed to separate the metallic 

gratings and the double L-shaped metasurface due to Mylar’s low dielectric losses. The two identical gratings with 

geometric parameters g = 25 µm and g1 = 50 µm are placed orthogonal to each other.  

Figure 5.1(b) shows the unit cell design of the middle layer metasurface, which consists of two L-shaped plasmonic 

antennas. The parameter α denotes the angle between the two arms of the L-shaped structure. Figure 5.1(c) illustrates 

the optical images of the fabricated sample, in which the light-colored parts are metal with a thickness of 0.2 µm. For 

any L-shaped structure, there are three regions (marked as regions I, II, and III in Fig. 5.1(c)) separated by only a short 

distance, d, where either the two arms or the corner angle of the L-shaped structure is closer to the counterpart of its 

neighboring L-shaped structure (see Fig. 5.1(c)). Because of this short distance d, significant EM mutual coupling 

usually occurs in these regions. In the following content (see section 5.3. Physical mechanism), we find that this EM 

mutual coupling in the three regions is the main contributor that leads to the performance enhancement of the proposed 

polarization converter. Furthermore, the distance d can be easily changed by altering the relative position of the two  
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Fig. 5.1. Proposed polarization converter  

(a) Unit cell of the proposed polarization converter consisting of two gratings, a double L-shaped metasurface, and 

two dielectric plates. (b) Front view of the metasurface unit cell. (c) Optical image of the fabricated sample. The 

geometric parameters are t = 75 µm, g = 25 µm, g1 = 50 µm, px = py = 400 µm, L = 200 µm, w = 35 µm, and α = 

90°. The periodic lattices are along the x and y directions, and the EM waves propagate along the z direction. The 

regions I, II and III, surrounded by the square frame, denote the EM mutual coupling areas of a unit cell with 

neighboring unit cells 
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L-shaped structures, which makes it convenient to adjust the EM mutual coupling in regions I, II, and III to optimize 

the device performance. 

To demonstrate the performance of the proposed polarization converter, we fabricated the sample and measured its 

transmission coefficient. Figure 5.1(c) shows the fabricated sample of the proposed device. We define  

 𝑡𝑥𝑦 = |𝐸𝑦𝑡 𝐸𝑥ⅈ|⁄ 2
 , (5.1) 

𝑟𝑥𝑥 = |𝐸𝑥𝑟 𝐸𝑥ⅈ|⁄ 2
, (5.2) 

to denote the transmission and reflection coefficients. Here,Eyt, Exi,  and Exr denote the electric fields of the y-

polarized transmission wave, x-polarized incident wave, and x-polarized reflected wave, respectively. 

The polarization converter shown in Fig. 5.1(a) was fabricated with conventional photolithography and metallization 

processes. We start fabrication with two 75 µm thick sheets of Mylar. The double L-shaped metasurface and the 

grating are fabricated on the two sides of the first Mylar sheet; the other orthogonal grating is fabricated on the second 

Mylar sheet. Then, with the help of a microscope, we assemble the two structured Mylar sheets using the alignment 

shown in Fig. 5.1(a). 

Figure 5.1(c) illustrates optical images of the fabricated sample, which contains 37 × 37 unit cells with an over- all 

size of 15 × 15 mm2. The sample is experimentally characterized using broadband (0.1–4.5 THz) terahertz time-

domain spectroscopy (THz-TDS). Specifically, the system consists of four parabolic mirrors placed between the 

transmitter and receiver, which are arranged in an 8-f confocal geometry enabling a frequency independent beam 

waist of 3.5 mm on the sample. An x-polarized (TE-polarized) light irradiates from the left side to excite the device 

(see Fig. 5.1(a)). On the other side of the sample, a polarizer is placed in a plane parallel to the xy-plane. The 
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polarization direction of the polarizer is 45° with respect to the x-axis so that the cross-linear polarization transmission 

coefficient can be measured. 

5.3 Physical mechanism  

Figure 5.2(a) illustrates the amplitude of the cross-polarized (y-polarized) transmission coefficient for the x-polarized 

incident wave. It can be observed that the measured result agrees well with that of the simulation. In the experimental 

result, there is a frequency shift of approximately 0.02 THz, which may be caused by tolerances in the fabrication and 

measurement processes. From Fig. 5.2(a), we can also see that the proposed device shows a more than 88% 

transmission efficiency in the frequency range of 0.17 to 0.39 THz in the simulation. The measurement result reveals 

that the sample exhibits a more than 80% transmission efficiency in the broad bandwidth from 0.21 to 0.41 THz.  

To elucidate the physical process of polarization conversion, the electric field distribution in the cross-section shown 

in Fig.5.2(b) was simulated. Figure.5.2(c) illustrates the simulated result. When an x-polarized EM wave impinges 

onto the device from the +z direction, it first couples with grating 1 and is then rotated into a y-polarized EM wave by 

the metasurface layer. The rotated y-polarized EM wave then couples with the right side of grating 2. Consequently, 

the incident x-polarized wave is converted into a y-polarized wave when it passes through the polarization device. In 

this physical process, the dielectric losses due to the dielectric spacer and the electrical characteristics of the double L-

structured metasurface directly impact the performance of the polarized device, including the bandwidth and the 

transmission efficiency of the proposed device. To demonstrate this, we investigated the polarization conversion of 

the proposed device with different losses in the dielectric spacer and different values of α (see Fig. 5.1(b)) by using 

the commercial software CST Microwave Studio.  
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Fig. 5.2. Transmission Spectra and electric field  

(a) Measured and simulated transmission spectra (txy) of cross-polarization. (b) Cross section (in the xz plane) of the 

proposed polarization converter. (c) Simulated electric field distribution in the cross section, which describes the 

polarization conversion process when the x-polarized EM wave propagates along the z -direction. The arrows denote 

the direction of the electric field 
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0  

Fig. 5.3. Dielectric spacer transmission coefficient 

Transmission coefficient (txy) for different dielectric spacers. The dielectric constants of polyimide and Mylar are 3.0 

+ 0.15i and 3.1 + 0.02i, respectively 
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Figure 5.3 shows the comparison of cross-polarization transmission coefficient (txy) for different dielectric spacers 

when other parameters are fixed. From Fig. 5.3, we can clearly see that the dielectric losses in the spacer can 

significantly affect the transmission efficiency of the device. When Mylar, with its low dielectric losses, is used as 

spacer, the transmission efficiency of the device is increased by approximately 15%. Therefore, we used Mylar as the 

dielectric spacer in our design. 

To investigate the performance of the device for different values of α, we first defined  

𝐵𝑓 = 2 ∗ (𝑓ℎ − 𝑓𝑙) (𝑓ℎ + 𝑓𝑙⁄ ),  (5.3) 

to denote the relative bandwidth, where fh  and fl  are, respectively, the upper and lower cutoff frequencies of the 

operation bandwidth. Figure 5.4 illustrates the transmission and the reflection coefficients for the three typical angles 

(α = 0°, 45°, and 90°). As shown in Fig. 5.4(a), the parameter α can effectively impact the bandwidth and the 

transmission efficiency of the polarization device. When α = 90°, the cross-polarization transmission coefficient (txy) 

in the frequency range from 0.16 to 0.39 THz is greater than −1.1 dB, resulting in the relative bandwidth being 83.6%. 

When α is reduced to 45°, the relative bandwidth with txy over −1.1 dB is decreased to 66.6% (from 0.21 to 0.42 

THz). Whereas when α is equal to 0°, the relative bandwidth is reduced to 16.2% (from 0.34 to 0.4 THz). Figure 

5.4(b) illustrates the co-polarized reflection coefficients (rxx), from which we see that different α values correspond to 

different resonances. For α = 0°, the metasurface has only one resonance corresponding to f = 0.381 THz. When α  

increases to 45°, two resonance peaks appear at frequencies 0.282 and 0.396 THz. However, for α = 90°, three 

resonance peaks appear at 0.17, 0.28, and 0.37 THz, showing that the metasurface is a multi-resonance system when 

α is equal to 45° and 90°.  

To understand the physical mechanism of the multi-resonance system in further detail, we investigated the surface 

current and electric field distributions on the double L-shaped metasurface at α = 0°, 45° and 90°. For each value of   
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Fig. 5.4. Simulated coefficients 

Simulated transmission (txy) and reflection (rxx) coefficients for different α. The insets show the front view of the center 

metasurface layer for different α 
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α, we probed all the resonance frequencies, and the simulation results are shown in Figs 5.5 and 5.6. When α is equal 

to 0°, the double L-shaped structure is changed into a pair of cut wires, which is marked as a unit cell in Fig. 5.5(a). In 

this case, these cut wires can be considered equivalent to a LC resonant circuit that has only one resonance frequency 

at 0.381 THz. The surface current distribution shown in Fig.5.5(a) verifies the LC resonance characteristic. On the 

other hand, we note that the distance (d) between the unit cell and its neighboring structure is the greatest, implying 

weak mutual coupling in this case. This decoupling characteristic can be further demonstrated by the electric field 

distribution (see the lower part in Fig.5.5(a)), in which the largest electric field appears in only the gaps of the unit cell. 

When α is greater than 0° and less than 90°, for example, α = 45°, the metasurface acquires a double V-shaped 

structure, as shown in Fig.5.5(b). According to reference[163], the V-shaped plasmonic antenna can support two 

typical modes, the antisymmetric and symmetric modes. The current distributions for these modes are along the red 

arrows, as shown in Fig.5.5(b). These different current distributions make the V-shaped metasurface resonate at two 

different frequencies (0.282 and 0.396 THz). Due to the existence of the two resonances, the bandwidth and cross-

polarization efficiency for α = 45° are obviously improved. From the electric field distributions (see the lower parts in 

Fig.5.5(b)), we see that at both resonances, the electric field in region II is very weak, which verifies the decoupling 

characteristic in this region. However, in region III, the electric field becomes strong, implying the enhancement of 

the EM mutual coupling 

EM mutual coupling strengths in different regions cause the redistribution of the surface current, which leads to 

different electrical lengths and, consequently, different resonance frequencies. For the symmetric mode, the 

metasurface with α = 90° (Fig.5.6), has a similar surface current as that with α = 45° (Fig.5.5(a)). 

Comparing the black line and the red line shown in Fig.5.4(b), we observe that the resonance frequency of the 

symmetric mode for α = 90° is lower than that for α = 45°. This phenomenon can be explained in terms of EM mutual 

coupling. In the double L-shaped metasurface (α = 90°), there are three EM mutual coupling areas (regions I, II and   
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.  

Fig. 5.5. Electric field and surface current at varying α 

Surface current (upper parts) and electric field (lower parts) distributions on the middle metasurface; the red arrows 

denote the direction of surface current. (a) α = 0° and (b) α = 45°. 
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Fig. 5.6. Electric field and surface current at varying α = 90° 

Surface current (the upper parts) and electric field distributions (the lower parts) on the metasurface layer with α = 

90°. 
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Fig. 5.7. Varying the value of the parameter d 

Simulated transmission (txy) and reflection (rxx) coefficients for different d in the double L-shaped metasurface when 

other parameters are fixed. The solid lines correspond to txy, and the dashed lines are rxx. 
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III), whereas in the double V-shaped structure (α = 45°), only one region (III) shows strong mutual coupling. These 

results demonstrate that the multi-resonance characteristic of the double L-shaped meta- surface results from the 

symmetric and antisymmetric modes, supported by the L-shaped antenna and the different EM mutual coupling 

between the neighboring unit cells, respectively. This multi-resonance characteristic plays a crucial role in significantly 

improving the performance of the proposed polarization device, including the bandwidth and the transmission 

efficiency enhancement. 

For the double L-shaped metasurface (α = 90°), we also investigated the influence of parameter d on the performance 

of the proposed polarization converter. Here, we take three typical values of d, such as 10, 30 and 50 µm. Figure 5.7 

shows the simulated transmission (txy) and reflection (rxx) coefficients for the three d values. From the reflection 

coefficients, we see there are two resonances when d = 10 µm and that there are three resonances when d = 30 µm 

and 50 µm. Furthermore, these resonant frequencies show a blue shift when d is increased from 10 µm to 50 µm. The 

transmission coefficients also reveal that the device performance depends on the value of d. When the distance d is 

altered, the EM mutual coupling between the neighboring unit cells should be changed accordingly. The changed EM 

mutual coupling affects the resonance of the double L-shaped metasurface and further influences the performance of 

the proposed polarization device. So, the device performance can be optimized by choosing the appropriate value of 

the parameter d. 

5.4 Conclusion 

We have experimentally demonstrated that a metasurface consisting of double L-shaped plasmonic antennas can 

convert linear polarized waves into their cross-polarized waves over a broad bandwidth, ranging from 0.2 to 0.4 THz, 

with more than 80% transmission efficiency. We have also investigated the physical mechanism using numerical 

simulations. It is observed that by employing the L-shaped structure, the plasmonic antenna shows EM mutual 
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coupling with neighboring antennas in different regions. Such mutual coupling behavior enables the metasurface to 

be a multi-resonance system and significantly affects the working bandwidth and transmission efficiency. By 

adjusting the mutual coupling reasonably, a polarization converter with good performance can be achieved. The 

demonstrated metasurface based polarization converter is an essential step toward high-performance integrated 

terahertz devices. 
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CHAPTER VI 

 

 

SUMMARY AND FUTURE WORK 

     

A systematic and detailed study of refractive index engineering and various techniques used to achieve high refractive 

index values has been presented. Later this research work presented a novel method to obtain even high refractive 

index values using deep sub-wavelength coupling in a flexible free-standing substrate. The excellent overlap between 

the simulated and experimental results unveils the effectiveness of this technique. Furthermore, two set of universal 

law behaviors has been presented that can be used for obtaining specific value of refractive index at a particular value 

of frequency in Terahertz range. Thus, offering an elegant solution for achieving required high refractive index values 

at Terahertz frequencies. However, some more detailed study of this technique utilizing deep subwavelength coupling 

needs to be carried out , inorder to provide clear understanding of the exact physical mechanism. This would lead to 

the further deployment of this technique for other metamaterials related applications as well. 

A resonance-based terahertz metamaterial sensor has been created for highly absorptive water methanol mixture 

sensing.  The sensing of aqueous solutions in terahertz range is especially challenging due to strong absorption of 

water in this range. A highly sensitive and label free detection platform for chemical and biological materials has been 
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developed that utilized the long-sought terahertz spectroscopy system for sensing. Since most of the chemical and 

biological materials are readily available in aqueous solution, our resonance-based terahertz metamaterial sensor 

platform reduces the extra cost of sample dehydration by offering the capability to detect these samples directly in 

aqueous solutions, thus making the entire process cost effective as well. This research further presents a broadband 

transmission-based polarization converter by employing near field coupling between tri-layered metamaterials at 

terahertz frequencies. Here, we demonstrated significant bandwidth broadening and polarization conversion 

efficiency higher than 80% by coupling number of near frequency resonances together. Once again, the excellent 

overlap between simulation and experimental results establishes the potency of the design and techniques employed. 

All the metamaterial designs developed in this research have contributed towards the enrichment of the terahertz 

application platforms. Once we have established a strong working metamaterial design and technique our next step 

would be to develop an active control mechanism for the terahertz metamaterial-based applications. The ability of any 

application or device to perform on demand is quintessential to establish its suitability, utility and demand. Thus, 

introduction of an active control mechanism to these metamaterial designs becomes crucial in order to develop this 

design towards devices.  

The metamaterial designs produced in this research have the potential to utilize electrical or optical bias as an active 

control mechanism; for example, by a simple addition of thin layer of graphene to these designs. Another fascinating 

possibility could be studying the behavior of these metamaterials design under extremely low and high temperature 

conditions or introduction of stress as a control mechanism. An appropriate control mechanism (e.g., electrical, 

thermal, stress or optical) can be selected based on the requirement of the specific application where these 

metamaterial designs would serve as core compenents for terahaterz devices. 
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