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ABSTRACT 

 

 

Metamaterials, arrays of subwavelength resonant building blocks, have been the focus of 

growing interest for both fundamental research and practical applications. These electromagnetic 

structures are very promising in developing low cost, ultrasensitive, and easy-to-use in room-

temperature devices particularly for terahertz (THz) band to fully exploit wide-range potential 

applications of this scientifically rich spectrum. Beside atypical characteristics such as negative 

refraction, subwavelength imaging, and perfect absorption, metamaterials emulate some well-

known quantum phenomena e.g. Fano resonance and electromagnetically induced transparency 

(EIT). This dissertation will cover design, fabrication, and characterization of perfect metamaterial 

absorbers and EIT metamaterials for THz sensing and communications.  

For sensing applications, a unique dynamic circuit model will be first presented to design 

and analyze metamaterial absorbers and to interpret their underlying absorption mechanism. Then 

inspired by stereoisomers in chemistry, a perfect stereometamaterial absorber will be introduced 

with interesting multifunctional characteristics that are controllable by polarization of the incident 

THz radiation. Subsequently, an electronically liquid crystal tunable perfect metamaterial absorber 

will be demonstrated. EIT metamaterials with slow light characteristics useful in ultrafast 

communications will be covered for communication applications. First, we will represent our 

unique approach to determine the effective thickness of EIT metamaterials as an open question in 

this area. Then a novel flexible EIT metamaterial will be presented with a tunable slow light 

response along with a model to interpret the operational principle of EIT metamaterials. 
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Eventually, a novel platform will be introduced to design a Fano metamaterial thereby an 

EIT metamaterial is created with independent control of dark and bright states and with more 

flexibility in tuning its response as well as also interesting subwavelength focusing characteristic.  
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CHAPTER 1 

INTRODUCTION 

 

Terahertz (THz) radiation, which covers an electromagnetic (EM) spectrum from 0.1 up to 

20 THz, has been recently the subject of growing interest for both fundamental research and 

practical applications. This spectrum which lies between microwave and infrared ranges comprises 

EM waves whose wavelength is less than microwaves and larger than infrared waves. It shares 

electronic and optical properties of both microwave and infrared spectra which imposes major 

limitations on generation and detection of THz waves. Because of these limitations, THz band also 

known as THz gap has been less studied and developed compared to other range of frequencies 

(Fig. 1.1).   

 
Fig. 1.1. EM spectrum. THz gap is located between microwaves and infrared 

waves. 
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Historically, the primary interest in studying THz spectrum and its application started to 

grow among astronomers and chemists. Figure 1.2 indicates why astronomers and chemist are very 

interested in THz spectrum. This figure indeed demonstrates the radiated power versus wavelength 

for interstellar dust, light and heavy molecules, a 30° K blackbody radiated power spectrum, and 

the 2.7° K cosmic background signature where the fingerprints of various molecules are clearly 

observable, most of which particularly lie in THz spectrum.  

 
Fig. 1.2. Radiated energy versus wavelength from reference 1. 30-K blackbody, 

typical interstellar dust spectra with key molecular line emissions mainly lying in 

THz spectrum [1]. © [2002] IEEE. 

 

 

Additionally, interstellar dust clouds are predicted to emit about 40000 individual spectral 

lines which only a few thousand of them have been resolved and many of them have not been 

identified yet. Experimental results from NASA laboratories also indicate that approximately one-
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half of the total luminosity and 98% of the photons emitted since the Big Bang fall into the THz 

range [1]. Beside astronomical significance of THz waves, it has been verified that THz radiation 

penetrates into and pass through a large variety of non-conductive materials such as clothing, 

paper, plastics, wood, and brick. Moreover unlike ultraviolet waves and X rays, THz radiation is 

non-ionizing and it effectively interacts with many biological molecules through excitation of their 

vibrational or rotational resonances. All of these are just a few of exotic features of this 

scientifically rich spectrum that have been discovered so far with great potential applications in 

many arears including but not limited to medical imaging, non-invasively early cancer detection, 

astronomy, security, and environmental monitoring of earth [2-6].   

Despite such potential applications, low photonic energy and high electronic frequency of 

THz radiation impose restrictions on utilizing this scientifically rich spectrum for practical 

applications. For example, the application of solid state materials for detecting and generating THz 

waves are restricted since the transit time of charge carriers is larger than the time of one period of 

THz radiation. On the other hand, the energy of THz radiation quanta is substantially smaller than 

the thermal energy at room temperature and even liquid nitrogen temperature. In other words, THz 

spectrum lacks available natural materials with effective responses to be used for generation and 

detection of THz waves.  Although several devices and methods have been developed to generate, 

detect, and harness THz waves, still the available THz technology suffers from various 

disadvantages such as cryogenic functioning temperature, low power sources, limited sensitivity 

and spectral resolution of detectors, and non-integrability of THz components. According, THz 

technology is still in need of further development and improvement to be commercially and 

practically usable in clinical and industrial applications. 
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Recently, a new class of EM structures called metamaterials have attracted great attention 

to designing THz devices at will. Metamaterials are engineered structures which are designed to 

exhibit desired EM responses at a given frequency range. Most common and primary metamaterial 

structures include spit ring resonators (SRRs) and cut wires (CWs) which are made from noble 

metals such as Ag, Au, and Cu to represent a desired magnetic (µ≠1 and specifically µ<0) or 

electric response (ε≠1 and specifically ε<0) at a target frequency [7]. These elementary structures, 

i.e. meta-atoms, are indeed the building blocks by which metamaterials are made through 

positioning them in periodic arrays. Not only metamaterials demonstrate novel characteristics 

which are impossible to elicit from naturally-occurring materials (e.g. Negative refraction of light, 

invisibility cloak, and subwavelength imaging), but they also imitate some well-known condensed 

matter and atomic phenomena in any frequency at will (such as orbital hybridization, EM induced 

transparency (EIT), Fano resonance, and spontaneous chiral symmetry breaking [8 and 9]). Such 

intriguing characteristics make metamaterials very promising in designing devices applicable for 

THz spectrum where there is a lack of natural electronic and photonic materials with effective THz 

response. Among several metamaterial structures, perfect metamaterial absorber and EIT 

metamaterial have particularly attracted great attention as two emerging structures to achieve high-

sensitive and spectrally selective THz detectors and sensors and to be utilized in ultrafast THz 

communications.  

In the first section of this chapter, a brief review about metamaterials and fundamental 

metamaterial structures (i.e. meta-atoms) will be given. Then in the next two sections of this 

chapter, perfect metamaterial absorbers and EIT metamaterials will be introduced and we will 

review previous works done by other researchers for these two structures. This chapter will end by 
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presenting the roadmap of the study of this dissertation centered on perfect metamaterial absorbers 

and EIT metamaterials for THz sensing and communications applications. 

 

1-1. Basic Metamaterial Structures 

The name of metamaterial are attributed to a specific type of engineered EM structures 

whose unit cells (meta-atoms) are much smaller than the wavelength of incident wave and they 

exhibit specific characteristics that are not accessible by using naturally-occurring materials. In 

other words, metamaterials are electromagnetically homogeneous structures where an incident EM 

radiation will experience a macroscopic effective response while interacting with these structures. 

This response is typically depends on the effective parameters of metamaterial’s unit cells i.e. 

electric permittivity (ε) and magnetic permeability (µ). These parameters are related to refractive 

index of a material through  

𝑛 = ±√𝜀𝑟𝜇𝑟             (1) 

where n is the refractive index of the material, εr is the relative electric permittivity, and µr is the 

relative magnetic permeability of the material. The relative electric permittivity and relative 

magnetic permeability are related to the vacuum electric permittivity and magnetic permeability 

through ε0 = ε / εr = 8.85×10-12 and µ0 = µ / µr = 4π×10-7. 

There are four possible types of structures that can be considered dependent upon the sign 

of the pair (ε,µ) including (+,+), (+,-), (-,+), and (-,-) which are demonstrated in Figure 1.3. The 

first three cases which are illustrated as regions I, II, and IV in this figure, are readily available by 

using natural materials. However, the last case which is demonstrated in region III of this figure is 

a main characteristic of Metamaterials which is not available in nature. In fact, negative values of 

both effective parameters of metamaterials are the origin of their exotic and unusual EM response. 
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It is worth to mention that metamaterials are also called left handed materials (LHM) in contrast 

to right handed materials (RHM) with both positive effective parameters. This kind of nomination 

was first given by Victor Veselago in his pioneering work on metamaterials [10]. In his preliminary 

work, he discussed about these structures and he featured most of their exotic characteristics. He 

named metamaterials as LHM to indicate to the fact that electric and magnetic field vectors create 

a left-handed triad in metamaterials in contrast to conventional materials where the fields create a 

right-handed triad.   

 
Fig.  1.3. Permittivity-permeability (ε-µ) and refractive index (n) diagram 

from reference 11. Four possible cases for (ε-µ) pair. Region I is attributed to 

homogenous and isotropic materials where the Poynting vector and phase velocity 

are in the same direction. Region II belongs to plasmas or noble metals like Ag, 

Au, and Cu where the EM wave can not propagate. Region III covers the materials 

such as ferrites where they have negative permeability but positive permittivity and 

therefore EM wave is evanescent in these materials. Region IV is for metamaterials 

where they simultaneously possess negative permeability and permittivity in a 

target frequency spectrum. The Poynting vector and phase velocity vector are in 

opposite direction for EM waves propagating through metamaterials [11]. © [2005] 

John Wiley and Sons. 
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Several unusual phenomena of metamaterials predicted by Veselago which include  

1. Dispersive effective parameters of ε and µ as a necessary condition for creating 

metamaterials 

2. Reversed Doppler effect 

3. Reversed Vavilov-Cerenkov radiation 

4. Reversal of boundary conditions for perpendicular components of electric and magnetic 

field vectors at the interface between a conventional material and a  metamaterial  

5. Reversal of Snell’s law at the interface between a metamaterial structure and a 

conventional material 

6. Negative refraction at the interface between a metamaterial and conventional material 

7. Imaging a single point source into two point images by using a slab of metamaterial 

8. Interchanging of convergence and divergence effect in convex and concave lenses, 

respectively, if the lens is made of metamaterial  

9. Plasmonic expressions for the effective parameters (ε,µ) of metamaterials 

Despite the prediction of such interesting EM properties of metamaterials, Veselago stated 

that there is no natural material that can exhibit these characteristics and he predicted that such a 

material should be fabricated artificially. It took more than 30 years until the first metamaterial 

structure are demonstrated experimentally. According to Veselago prediction, the first 

metamaterial was an engineered structure that was proposed and made by D. R. Smith et al [12]. 

As a matter of fact, this structure was inspired by the primary work of S. J. Pendry on thin wires 

(TWs) and double split ring resonators (DSRRs) [13 and 14]. S. J. Pendry introduced these 

plasmonic structures that possess negative ε / positive µ and positive ε / negative µ in microwave 
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spectrum (Fig. 1.4). In both structures the dimensions of unit cells was much smaller than 

propagating wavenumber in the materials. Therefore, the proposed structures of CW and SRR 

were homogeneous and followed the definition of a metamaterial structure.  

 
Fig. 1.4. The first microwave metamaterials proposed by S. J. Pendry from 

references 11, 13 and 14. Metamaterial with negative ε/ positive µ and positive ε/ 

negative µ, which are made from noble metals and dielectric materials. (p<<λg) 

where λg is the propagating wavelength inside metamaterial. a. TWs structures 

showing negative ε/ positive µ when the applied microwave electric field is parallel 

to z direction. b. DSRR structures demonstrating positive ε/ negative µ while 

exposed to a microwave magnetic in y direction [11, 13 and 14]. © [2005] John 

Wiley and Sons. 

 

 

Negative ε / positive µ metamaterials are indeed structures made of TWs illustrated in Fig. 

1.4. These wires are made of noble metals such as Ag, Au, and Cu. If the applied electric field (E) 

is parallel to the wires (E||z) such that an oscillating current is created in the wires, the structure 

will exhibit a frequency dependent Drude electric permittivity with a reduced angular plasma 

frequency as follows [13]  

𝜀𝑟(𝜔) = 1 −
𝜔𝑝𝑒

𝜔2+𝑗𝜔ξ𝑒
      Eq. 1.1                           
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where 𝜔𝑝𝑒 = √2𝜋𝑐2/(𝑝2ln(𝑝/𝑎)) is the angular plasma frequency with c as the speed of light in 

vacuum, a as the radius of wires, and p is the dimension of the unit cell. In this equation ξ𝑒 =

𝜀0(𝑝𝜔𝑝𝑒/𝑎)
2/𝜋𝜎, with σ as the electric conductivity, is the electric damping factor arising from 

the loss in metal. It is concluded from this equation that  

Real (εr) < 0      for      𝜔2 < 𝜔𝑝𝑒
2 − ξ𝑒

2
   Eq. 1.2     

εr < 0                 for     𝜔 <𝜔𝑝𝑒  and    ξ𝑒 = 0.  Eq. 1.3 

Since no material with magnetic response is used in TWs structures, the relative magnetic 

permeability will be equal to one. 

Positive ε / negative µ metamaterial are composed of DSRRs demonstrated in Fig. 1.4.  If the 

applied magnetic field (H) in these structures is perpendicular to the plane of DSRRs (H||y), 

resonance currents are induced in DSRRs loops and a magnetic dipoles are created in DSRRs. As 

a result, these structures will demonstrate a magnetic permeability which is a function of 

frequency. The relative magnetic permeability of SRRs is derived as [14]  

𝜇𝑟(𝜔) = 1 −
𝐹𝜔2

𝜔2−𝜔0𝑚
2 +𝑗𝜔ξ𝑚

     Eq. 1.4 

where 𝐹 = 𝜋(𝑎/𝑝)2 is the filling factor of the unit cell with a as the inner radius of small SRR and 

p as the unit cell dimension. In this equation  

𝜔0𝑚 = 𝑐√
3𝑝

𝜋ln(2𝑤𝑎3/𝛿)
      Eq. 1.5       

is called the angular magnetic resonance frequency in which w is the width of SRRs and δ is the 

radial separation between SRRs. Additionally, ξ is the magnetic damping factor which is equal to 

ξ𝑚 = 2pR′/a𝜇0 with 𝑅′ as the resistance of metal per unit length. It is worth mentioning that 

although no magnetic material is used in DSRRs structures, these structures shows magnetic 

response as a result of created magnetic dipole in their wire loops. Equation 1.4 shows that there 



10 

 

exists a frequency range in which DSRRs demonstrate a negative permeability (Re(µr)<0). In 

particular, when there is no loss in i.e. ξ=0, µr is negative in the range 𝜔0𝑚 < 𝜔 <
𝜔0𝑚

√1−𝐹
= 𝜔𝑝𝑚 

where 𝜔𝑝𝑚 is the magnetic angular plasma frequency. The main difference between the models 

for TWs and DSRRs proposed by S. J. Pendry is the lack of resonance frequency in TWs in contrast 

to DSRRs. However, Koschny et al. later showed that if the TWs is cut into proper dimensions 

they will also possess resonance frequencies where the authors called those wires as cut wires 

(CWs) [15]. The effective electric permittivity of CWs follows an equation similar to DSRRs 

which is equal to 

𝜀𝑟(𝜔) = 1 −
𝜔𝑝𝑒
2 −𝜔0𝑒

2

𝜔2−𝜔0𝑒
2 +𝑗𝜔ξ𝑒

     Eq. 1.6      

in which 𝜔𝑝𝑒 is the electric angular plasma frequency and𝜔0𝑒 is the electric angular resonance 

frequency.    

To demonstrate the first experimental metamaterial structure with simultaneously negative 

ε and µ, D. R. Smith et al. combined TWs and DSRRs of S. J. Pendry’s work together [12]. In fact, 

the design of this metamaterial is based on three principles: 

1. Design of a TW and a DSRR structure such that the associated frequency ranges, in which 

ε and µ are respectively negative, overlap each other.  

2. Combining two designed structures to obtain a metamaterial structure with simultaneously 

negative ε and µ in a desired frequency spectrum which is depicted in Fig. 1.5. 

3. Applying an electromagnetic wave on the structure and confirming the phase lag of the 

transmitted signal in the desired frequency range which will indicate to negative refractive 

index of the metamaterial structure. 
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Fig. 1.5. The first metamaterial that experimentally demonstrated by R. A 

from references 11, 12 and 16. Shelby et al. a. the one dimensional metamaterial 

structure and b. two dimensional metamaterial structure [11, 12 and 16]. © [2005] 

John Wiley and Sons. 

 

 

However, to experimentally obtain the negative refractive index of the metamaterial 

structure and confirm the reversal of Snell’s law, an experiment was performed by R. A. Shelby 

et al. for the first time [16]. This metamaterial under study which is shown in Fig. 1.5b is cut to 

form a metamaterial prism and inserted into a microwave experimental set-up which is 

schematically shown in Fig. 1.6. Then the transmitted microwave signal was detected through a 

moving detector and the result was compared to that of Teflon prism. The results confirmed that 

the real part of refractive index of this microwave metamaterial was −2.7 ± 0.1 at 10.5 GHz.     

Since then, various types of meta-atoms other than SRRs and CWs have been introduced 

such as spiral, fishnet, labyrinth, and electric field coupled resonators [17-20]. It is worth 

mentioning that these meta-atoms are also called meta-surfaces where a periodic distribution of 

unit cells on just a single surface is used to demonstrate exotic metamaterial’s characteristics. The 

latter, e.g. electric field coupled resonator, has been utilized extensively in designing several 

metamaterial structures. The structure of this structure is exactly the same as SRR.  
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Fig. 1.6. Schematic illustration of the microwave setup to measure the negative 

refractive index from reference 11 and 16. The metamaterial structure under 

measurement is the one presented by D. R. Smith et al. which is also cut in prism 

shape to confirm reversal of Snell’s law [11 and 16]. © [2005] John Wiley and 

Sons. 

 

 

However, the method of excitation of the SRR determines the response and type of 

structure. Indeed, electric filed coupled resonator is excited by the electric field of the incident EM 

wave instead of its magnetic field. In SRR structures proposed by S. J. Pendry, the incident 

magnetic field is perpendicular to the plane of SRRs and induces a resonant current through a time-

varying magnetic flux passing through the SRRs’ loops, thus a magnetic response (µ ≠ 1) is 

exhibited. However in electric coupled resonators, it is the electric field of the incident EM wave 

that creates a resonating current in SRRs. If the applied electric field is along the gaps of SRRs, 

therefore an electric dipole moments is formed in SRRs and a frequency dependent electric 

response with a Drude electric permittivity function similar to CWs is exhibited. However, if the 

electric field is perpendicular to the gaps of SRRs, there will be no coupling between the incident 

electric field and SRRs, thus no electric or magnetic response is expected.  
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1-2. Perfect Metamaterial Absorber1  

EM wave absorbers are of great importance due to their various applications in deferent 

areas. In microwave range, EM absorbers are used to diminish the unwanted reflections from 

surrounding media that may disturb the detection of target wave. UV absorbers which are used in 

sunglasses protect eyes from harmful radiation of the sunlight. In visible spectrum, optical wave 

absorbers increases the efficiency of solar cells to absorb, store and convert solar energy into 

electric power. In particular, a perfect THz absorber with a controllable and frequency selective 

absorption response is highly demanded to devise a high-throughput, high-sensitive, and tunable 

THz detector. Although there exist optical and microwave frequency selective absorbers, the 

associated materials and approaches are not applicable in THz spectrum. The function of optical 

absorbers are mostly based on the energy bandgap between energy levels or bonds in optical 

materials. In THz spectrum, there is no such kind of materials with an energy bandgap equal to 

energy of THz radiation. On the other hand, since the energy of THz waves is approximately equal 

to black-body radiation of objects at room temperature, the otherwise available natural materials 

would not demonstrate a proper functionality at room temperature. In microwave domain, 

Salisbury screens as frequency selective absorbers have been extensively used to absorb 

microwave radiation [21]. Salisbury screen works based on impedance matching to free space 

through the principle of quarter-wave antireflection coating. A major drawback of Salisbury screen 

is its large spacer thickness especially in lower frequencies. Although this drawback was handled 

in microwave domain by using high-impedance surfaces instead of metallic back plane, the 

                                                 
1 This section is a published work of the author of this dissertation with some edition: Hokmabadi, Mohammad Parvinnezhad, et al. "Terahertz 

metamaterial absorbers." Terahertz Science and Technology 6.1 (2013): 40-58.  
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fabrication process is still challenging in terahertz and even more in optical frequencies [22 and 

23].  

Unlike other kinds of absorbers, an absorber based on metamaterial structure is the one that 

functions in THz domain and is promising in designing a functional THz detectors. Perfect 

metamaterial absorber completely absorbs the electromagnetic radiation in a very narrow 

frequency spectrum. It was reported for the first time in 2008 by Landy et al in GHz spectrum, but 

soon after it was developed in THz range [24 and 25]. THz perfect metamaterial absorber is 

composed of three layers. The first layer which is called frequency selective surface (FSS) is 

actually composed of a periodic array of meta-atoms e.g. SRR, CW, or ring to select a target 

resonance frequency. FSS is followed by a subwavelength dielectric layer, called dielectric spacer, 

which fills the space between FSS and the third layer. The third layer is a thin metal layer, called 

metal backplane to completely reflect back the transmitted radiation through the FSS. In the first 

perfect metamaterial absorber a metal stripe was used instead of metal backplane in the unit cell. 

Later on, the metal stripe was replaced by metal plane to increase absorption to 100%. Figure 1.7 

shows the schematic illustration of the unit cell of the initially reported perfect metamaterial 

absorber. The FSS composed of two SRRs having a side in common. Indeed, FSS is an electric 

couple resonator where it is excited by an electric field polarized along the gap of SRRs [24]. 

When the electric field is parallel to the gap of SRRs, the THz electric field couples to SRRs and 

a resonance at a desired frequency with a narrow bandwidth will be created. At this resonance 

frequency, FSS partially transmit and partially reflects the EM wave. The transmitted EM wave 

through the FSS will be reflected back by metal backplane and will go under multiple reflection 

between FSS and backplane. If the thickness of spacer is chosen properly the compounded 

reflected wave of bouncing waves inside the spacer will possess equal amplitude with but will be 
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out of phase with the initially reflected wave by FSS, thus total reflection will be zero at resonance 

frequency and complete absorption will occur.  Configuration and dimension of FSS determines 

the target absorption frequency and the thickness and refractive index of spacer specifies the 

amount of absorption at resonance frequency.  

 

Fig. 1.7. Schematic illustration of first THz absorber from reference 24. 

Yellow, dark and green colors present metal, substrate and dielectric spacer 

respectively. a. ELC as the frequency selective surface for resonance frequency 

selection. b. metallic rod as the back plane for reflecting selected frequency, and c. 

whole structure of the absorber composed of FSS, dielectric spacer and metallic 

back plane with relative electromagnetic vectors [24]. © [2008] APS. 

 

Various structures have been designed and fabricated to enhance the functionality of the 

absorber or to achieve a desired characteristic of perfect metamaterial absorber. These structures 

include polarization dependent or independent, dual band, triple band, multi band and broadband 

perfect absorbers [26-41]. Here, I will briefly review metamaterial absorbers that have extensively 
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studied so far. A thorough review on perfect metamaterial absorbers can be found elsewhere [42]. 

 

1-2-1. Polarization Independent THz metamaterial Absorbers  

An absorber that works independent of the polarization direction of incident wave is 

advantageous for several applications such as solar cells, imaging, and security scanning. In order 

to make a polarization independent absorber, the whole structure requires to possess a rotational 

symmetry with respect to the direction of polarization. Therefore, in addition to using materials 

with rotational symmetry, the geometry of absorber needs to be rotationally symmetric. Thus, FSS 

of terahertz absorbers is the key element to design either a polarization independent or dependent 

absorber. The first reported perfect metamaterial absorber demonstrated in Fig. 1.7 absorbs light 

in vertical polarization and the absorption will decrease gradually with changing the polarization 

into horizontal direction. A simple FSS structure that can be utilized in designing a polarization 

insensitive absorber is a metallic ring in either circular or square form. Y. Ma et al. reported such 

kind of polarization independent THz perfect metamaterial absorber by assembling two square 

rings into a single unit cell of FSS [26]. Besides polarization insensitive absorption, the reported 

structure demonstrates two absorption bands each of which correspond to each individual rigs. To 

design this absorber, they first designed two individual single band absorbers and by combining 

them a dual band polarization independent absorber was achieved in terahertz domain. The small 

ring creates a resonance at higher frequency than that of large ring. The absorption frequency 

comes from the electric dipole moment oscillating on the rings; therefore changing the polarization 

of incident wave just relocates the dipole moment on the ring but without influence on the 

resonance frequency and amount of absorption which is due to the rotational symmetry of the FSS. 

They obtained perfect matching between absorption spectrum of simulated structure and fabricated 
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one. The fabricated polarization independent absorber absorbs 68% and 74% of incident radiation 

at 2.7 THz and 5.2 THz, respectively. The authors attributed the slight discrepancies between 

simulation and measurement results to possible variation in polyimide thickness used as the spacer 

and deviation of the dimensions of fabricated sample from those of simulated one.  

Cross FSS absorber, is another example of polarization insensitive absorber which works 

based on the excitation of electric dipoles on the FSS and was reported by Y. Q. Ye [32]. In this 

work, metal crosses are used as the FSS of the absorber. The resonance frequency is adjusted by 

choosing proper dimensions for width, thickness, as well as the length of cross. When the electric 

filed is parallel to one of the orthogonal rods of the cross, an electric dipole will be created on the 

associated rod while no dipole will exist on the other orthogonal rod. In contrary, if the polarization 

is not parallel to either of rods, electric dipoles will be made on both rods with different strengths 

dependent on the incident polarization angle. However, since the two rods are of the same size, 

the resonance frequency will be maintained. Additionally, the whole dipole strength which is now 

distributed on both rods will be equal to the dipole strength on one rod if the absorber is excited 

by a THz wave with polarization parallel to just one rod. Therefore, in any polarization angle both 

frequency and the strength of absorption will be conserved. In addition to polarization insensitivity 

of the absorber, authors show that their designed absorber is robust to a wider range of incident 

angles such that for TE and TM polarizations, absorption stays almost unchanged by increasing 

the incident angle to 50˚ and 80˚.  

Another type of polarization independent absorber which is based on LC resonance in FSS 

has been already reported in our group by L. Butler et al. [43]. Figure 1.8 shows a schematic 

illustration of this absorber along with the absorption spectrum for different polarization angles. 

The FSS of this absorber possesses four fold rotational symmetry, thus the absorber is insensitive 
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to the polarization direction. This structures is one of the structures which we will study in more 

detail in this dissertation to gain a better understanding of underlying physics behind operation of 

this device and its polarization insensitivity response.   

 
Fig. 1.8. Schematic illustration of LC absorber reported by L. Butler et al. and 

the absorption spectrum. a. Schematic of the designed absorber and absorption 

spectrum for different polarization angles and b. absorption spectrum versus four 

different polarization angles [43]. © [2012] Lee A. Butler. 

 

 

1-2-2. Multiband THz Metamaterial Absorbers  

In addition to polarization insensitive absorber, THz multiband absorbers which can 

selectively absorb in several narrowband frequencies have been of the subject of great interest, 

recently. Various structures of metamaterial absorber have been reported including dual band, 

triple band and multiband absorbers with operations based on electric dipole, LC or standing wave 

absorption mechanism. Two different types of dual band absorbers were represented by H. Tao et 

al [28]. One of them functions based on a LC resonance created in FSS, but another works 

according to the presence of both dipole and LC resonances in the FSS. Figure 1.9a and b illustrate 

the measured absorption spectra with the associated FSS structures depicted in inset of these figure. 

To obtain a dual band absorber, which functions based on LC resonator, two separate single band 

absorbers called S1 and S2, were initially designed for two desired resonance frequencies. Then 

by combining these two absorbers together, the intended dual band absorber, i.e. D2, was created. 
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The gaps of SRRs in the FSS of S1 and S2 which resemble the capacitance in a RLC circuit possess 

same shape and dimensions. However, the length of SRRs for structures S1 and S2 are different. 

Thus, the resonance frequency of structure S2 with small L is larger than that of structure S1 with 

a large L, if one considers 𝑓 = 1/√2𝜋𝐿𝐶 to obtain the resonance frequency where f is the 

resonance frequency, L is the inductance, and C is the capacitance of a RLC circuit. 

 
Fig. 1.9. Measured absorption versus frequency in reference 28. for a. single 

frequency absorber, S1 and S2, b. LC-dipole absorber, D1, and LC-LC absorber, 

D2, which is the combination of S1 and S2 designed in reference 24 with 

corresponding structures in inset, [28]. © [2010] IOP. 

 

 

In addition to D2, the same authors reported another dual band absorber, called D1, where 

the origin of the lower resonance frequency is LC resonator designed in FSS, but the higher 

resonance frequency originates from an electric dipole created in the square ring of the FSS. Figure 

1.9b demonstrates absorption spectra for D1 and D2 structures with their corresponding FSS 

designed in the inset of this figure. In contrast to LC resonance which is polarization dependent, 

the dipole resonance frequency in D1 absorber is polarization independent. It is worth mentioning 

that the polarization independent absorber reported by Y. Ma et al. [32] and discussed previously 

is a dual band absorber as well. The main difference between this dual-band square-ring absorber 
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and the dual band absorber D1 reported by H. Tao et al. is the fact that in the former both 

resonances are polarization independent while in the latter case just the second resonance is 

independent of polarization.   

By increasing the number of square rings of the dual band absorber, Shen et al. have 

reported a triple band absorber [27 and 29]. The optical microscope image of the FSS of this 

absorber and the reported results have been illustrated in Fig. 1.10. Additionally, authors have 

utilized multi-reflection interference theory to interpret the absorption process and to calculate the 

created absorption spectrum. The calculated absorption is in a good agreement with simulated and 

experimental results which are shown in Fig. 1.10b.  

 
Fig. 1.10. A triple band metamaterial absorber reported by Shen et al. a. a 

microscope image of the designed FSS. b. Measured, simulated and calculated 

absorption spectra which are in a good agreement [29]. © 2012 AIP.  

 

 

Very recently a multiband absorber has been reported which works according to standing 

waves created inside the spacer [44]. The FSS of this absorber is created by opening periodic 

rectangular apertures on a metal surface. In this work, author show that the incident wave goes 

under diffraction with multiple diffracted modes when THz wave impinges on FSS. The diffracted 

waves transmit through the apertures into the spacer and propagate inside the waveguide created 
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by the FSS and metal back plane. Indeed, the corresponding diffracted modes of the incident wave 

from adjacent apertures propagate in opposite directions relative to each other resulting in 

formation of standing waves inside the waveguide. Therefore, the incident THz power is 

capsulated between FSS and metallic back plane in multiple resonance frequencies where each of 

them is associated with the corresponding diffracted modes.  

 

1-2-3. Broadband THz Metamaterial Absorbers  

Broadband THz absorbers can be classified into two main categories; selective and 

nonselective absorbers. Each of them has its own advantages and disadvantages. Different 

mechanism and subwavelengh structures have been used to achieve nonselective broadband 

absorbers such as symmetrical coherent illumination, surface self-assembled multilayer glass 

spheres, surface relief structures, and heavily doped silicon. Almost all of these structures have a 

very large bandwidth with a perfect absorption strength. This property makes them useful as the 

antireflection coating in future THz spectroscopic and imaging systems to reduce the unwanted 

reflection from the surrounding media. But, since the absorption mechanism of these kinds of 

absorbers is nonselective and subtle, their application for a frequency selective THz detector is 

prohibited. In contrast, selective broadband absorbers are composed of different single frequency 

absorbers such that the resonance frequencies are much closer to each other to cover a wide 

frequency band. In other words, selective THz broadband absorbers are multiband absorbers 

whose absorption bands are very close to each other. Due to the resonance nature of these kinds of 

absorbers, it is difficult to make an ultrahigh broadband absorber response similar to those of 

nonselective ones. But, the main advantage of the frequency selective broadband absorbers is that 

the absorbed radiation in each frequency oscillates in a discriminated THz circuit, e.g. ring, SRR, 
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or cross, so that it is possible to individually extract the absorbed power at each individual 

frequency band which promises their use in implementing future frequency selective THz 

detectors. The focus of this section will be on giving a brief introduction to a few selective THz 

wideband metamaterial absorber structures. 

The first example of these kinds of absorbers is a multilayer broadband absorber reported 

by Y. Q. Ye et al [32]. In this work, they have utilized cross FSS structures but in three different 

layers such that the crosses in each layer have slightly different dimensions. The dimensions of 

copper crosses in FSS for a desired frequency are determined by using equation 1.7 where L ~ 

(lt)/w and C ~ (wl)/2 in which l, w are length, and width of crosses, respectively and t is the cross 

thickness.  

𝑓𝑚 =
1

2𝜋√𝐿𝐶/2
~

1

𝑙
      Eq. 1.7 

Thus, in each layer different crosses have been designed with fixed widths and thicknesses 

and slightly different lengths to ensure that the resonance frequencies are close enough to each 

other. Then, the thickness of dielectric spacer between them and between the last layer and metal 

backplane were optimized by simulation to make the multilayer absorber impedance-matched to 

the air. In the end, they come up with an absorber in which the absorption bandwidth is almost 

triple of that of a single frequency one with bumpy and slightly reduced absorption.  

In a similar manner, Grant et al. not only have designed a multilayer cross metamaterial 

absorber but also have fabricated and experimentally characterized it [34]. Moreover, they have 

presented another broadband absorber, called superpixel absorber, and compared the results of this 

absorber with the multilayer one. The unit cell of superpixel absorber has composed of four single 

frequency Cu crosses deposited on a single layer polyimide as the dielectric spacer. Optimization 

has been done through simulation by FDTD method to find the best polyimide thickness and 
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desired cross dimensions to make a broadband absorber. However, their simulated absorption 

spectrum does not match perfectly to experimental absorption spectrum. They have attributed this 

discrepancy in between simulation and measurement to potential thickness non-uniformity of the 

three polyimide layers and to the inequality of the simulated and experimental value of the 

polyimide thickness.  

Comparing a multilayer absorber and superpixel one will show that the peak of absorption 

of multilayer absorber is larger than that of superpixel absorber. Obviously, the reduced absorption 

in superpixel absorber is originated from filling factor of meta-atoms in the unit cell such that the 

filling factor of each crosses in the unit cell of superpixel absorber is smaller than the 

corresponding filling factor in the multilayer structure. In other words, each single frequency 

absorber in superpixel absorber can absorb only one fourth of the incident THz power at the target 

frequency, compared to the multilayer absorber. Thus, the absorption of superpixel absorber 

reduces in compare with multilayer absorber.  

The last broadband metamaterial absorber that is reviewed in this section, was reported by 

L. Huang et al [31]. The unit cell of FSS of this absorber is composed of three Cu CWs with similar 

lengths and thicknesses. However, the two CWs on the left and right sides of the unit cells of FSS 

are exactly similar, but the middle one is slightly different. In fact, the two side CWs creates 

slightly higher resonance frequency than middle one. Combining them into each other a broadband 

absorber with a bandwidth almost double of that of each single-band absorber was reported. 

However, the response of this absorber is not polarization independent in contrast to broadband 

cross metamaterial absorbers.  
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1-3. EIT-Metamaterials 

Electromagnetically induced transparency (EIT) is an example of light matter interaction 

in which a quantum interference happens. In this phenomenon, an opaque medium becomes 

transparent when it is exposed to a high power beam with a proper energy and frequency. Indeed, 

EIT happens in a three level quantum atomic system where two of three possible transitions 

between states must be dipole allowed and the other one has to be dipole forbidden [45]. Figure 

1.11 demonstrates such kind of three level quantum system.  

 
Fig. 1.11. Schematic illustration of a 3 level quantum EIT system and its 

transmission spectrum in reference 46. a. A 3 level quantum system with |1⟩ →
|2⟩ and |3⟩ → |2⟩ allowed dipole transitions and |1⟩ → |3⟩ forbidden transition. b. 

Transmission spectrum of the EIT system [46]. © [2011] Nature. 

 

 

From the three energy states, one of them, e.g. level 3, has a comparably longer lifetime 

than the others. In other words, the bandwidth of transition between levels 1 and 2 is wider than 

that of between 2 and 3. In this system, there are two possible transitions from level |1⟩ to level 

|2⟩. The first one is the direct transition of |1⟩ → |2⟩ which is accomplished by applying a low 

power probe beam with a frequency associated with this transition. This transition is typically 

called bright state transition. However, the second transition is a little bit subtle and is indirect: 

|1⟩ → |2⟩ → |3⟩ → |2⟩. To do this transition, a high power coupling beam needs to induce a 

transition between states two and three. This type of transition is called dark state transition. Thus, 
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applying a probe beam will excite a broad absorption spectrum through excitation of bright states. 

However, if a coupling beam with a frequency equal to the transition between dark states two and 

three is simultaneously applied, a destructive interference will happen between probability 

amplitudes of the bright and dark states. Since the transition |3⟩ → |2⟩ has a long lifetime, a narrow 

transparency window will appear inside the broad absorption band of the bright state which is 

demonstrated in Fig. 1.11b.  

Interestingly, this narrow transmission window possess a specific characteristic which is 

called ‘slow light’. It is called ‘slow light’, because the speed of transmitted electromagnetic wave 

reduces dramatically in this transparency window. In other words, the transmitted wave 

experiences a very large refractive index while passing through the quantum medium. As a matter 

of fact, the large refractive index stems from a strong dispersion created in transmission spectrum. 

This strong dispersion leads to a reduced group velocity of the electromagnetic wave as a result of 

a very large group refractive index. Slow light by using EIT promises various potential applications 

in designing optical buffers and delay lines for the next generation of ultrafast all optical 

communications systems [47 and 48]. Reducing the speed of light will enhance the interaction of 

photons with matter and thus will dramatically reduce the power of the coupling beam required in 

nonlinear optical switches [49]. Additionally, the extremely narrow transmission window observed 

in EIT phenomenon exhibits a really high quality factor resonance which is useful in designing 

ultrasensitive sensors [50 and 51]. Despite these potential applications of EIT, the practical 

application of EIT by using atomic systems has been limited so far [52]. In fact implementation of 

EIT by using condensed matter approaches requires accessing to warm atoms, cold atoms, and 

plasmas which necessitates achieving either cryogenic or very high temperatures where a massive 

experimental setup is needed [53-58]. In other words, the cumbersome experimental condition of 
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EIT by condensed matter approaches hampers its practical applications. Thus, an alternative 

method is expected to be developed with less experimental complexity to be utilized in real 

applications. Among various approaches and materials to comfort the experimental constraints of 

EIT phenomenon, metamaterial structures have been of the subject of great research, recently. 

Implementation of EIT by using metamaterial structures is also called Plasmon-Induced 

transparency i.e. PIT. Metamaterials leverage the resonant meta-atoms, e.g. SRRs, CWs, in such a 

fashion that the meta-atoms resembles dark or bright states without need for any complexity or 

even for a high coupling power beam. Indeed, meta-atoms will serve as the analogues of bright or 

dark states if they are directly excited by the incident EM wave or if they are excited through 

induction from bright meta-atoms, respectively. For example Fig. 1.12 demonstrates the first 

reported PIT structure in visible spectrum theorized by S. Zhang et al. where vertical CW with a 

broadband frequency response is parallel to the incident electric field while horizontal CWs with 

a narrowband frequency response are perpendicular to the electric field [59]. The incident electric 

field excites the vertical CWs whereas the horizontal CWs are not excited by the incident electric 

field. Instead, an induction form vertical CW into horizontal ones will create a resonating current 

in them. Therefore, the vertical CW will serve as a bright states with a wide bandwidth and the 

horizontal CWs will act as dark states with a narrow frequency response. As a matter of fact, like 

EIT structures the destructive interaction between dark and bright meta-atoms will open a 

transparency window inside a broad opaque spectrum.   
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Fig. 1.12. Schematic illustration and first reported PIT structure and its 

associated transmission spectra in reference 59. a. Wideband transmission 

spectra of a bright CW when the polarization of EM wave is along the CW. b. 

Narrowband transmission spectrum of a two parallel CWs as dark meta-atoms 

where the polarization of the incident wave is perpendicular to CWs. c. PIT 

structure as the result of coupling between bright and dark meta-atoms and the 

associated real and imaginary part of the probed electric field in near vicinity of the 

structure where a transmission  opening in the spectra by changing the distance d 

between dark and bright meta-atoms is observed [59]. © [2008] APS.  

 

  

 

Various PIT structures have been extensively studied in different frequency spectra where 

the operational principle of most of them is based on destructive interaction between dark and 

bright meta-atoms. N. Papasimakis et al. experimentally realized a PIT structure in GHz frequency 

domain where they showed that the speed of EM wave decreases substantially while transmitting 

through a very subwavelength metamaterial structure. However, the reported transmission was 

very low. But, they interestingly demonstrated that stacking multiple layers of this subwavelength 

structure results in dramatically reduced speed of EM wave with a relatively higher transmission 

and bandwidth [60]. In another pioneering work, P. Tassin et al. theoretically modeled and 

designed a metamaterial structure to obtain a large group refractive index i.e. to reduce the group 
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velocity of light at infrared spectrum [61]. In this work, they proposed two structures composed of 

two coupled SRRs where in one of them the bright SRR is excited by coupling the electric field of 

EM wave and in the other structure the bright SRR is excited through the coupling of magnetic 

field of incident wave. Figure 1.13 illustrates schematic demonstration of the proposed structures 

along with the associated transmission spectra and also calculated group index for magnetic PIT 

structure. In particular, they demonstrate that the designed magnetic PIT structure exhibits a 

substantially reduced imaginary part of group index at transparency window in addition to a large 

real part of that. It means that their designed magnetic PIT structure reduces the ohmic absorption 

loss associated with metals which is one of the major issues of metamaterial structures in infrared 

and visible spectra. 

 
Fig. 1.13. Schematic illustration of electric and magnetic PIT structures and 

their associated spectra in reference 61. a. and b. electric and magnetic PIT 

structures composed of a coupled SRRs excited by electric or magnetic fields of 

the incident wave, respectively. c and d. corresponding transmission spectra of 

electric and magnetic PIT structures, respectively and e. calculated group index and 

imaginary part of refractive index for magnetic PIT structure [61]. © [2009] APS. 

 

 

N. Liu et al. reported the first experimental observation of PIT at 1.7 µm (~ 170 THz) very 

close to optical fiber communications wavelength [62]. Their structure is composed of a two layer 

metamaterial structure to demonstrate PIT response. The first layer is made of a dipole nano-

antenna (CWs) as the bright meta-atoms where it is excited by the electric field of the incident EM 
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wave. The second layer, which is separated from the first one by a photopolymer dielectric spacer, 

includes a quadruple antenna made from two parallel nano-antenna (CWs) which are orthogonal 

to the polarization of the incident wave and therefore create the dark meta-atoms of PIT structure.  

 
Fig. 1.14. Schematic illustration, microscopic image and corresponding results 

of two layer PIT structure in reference 62. a. and b. Schematic and scanning 

electron microscope image. c. Transmission and reflection spectra for several 

different positioning of bright CW over dark CWs [62]. © [2009] Nature. 

 

 

Figure 1.14 shows a schematic illustration and scanning electron microscopic image of the 

sample together with the associated results. They show that by breaking the symmetry of the 

structure through sliding the dipole antenna from the middle to the edge of quadrupole antenna, a 

transparency window appears at around 170 THz and they also attributed the observed 

transmission window to the destructive interference between the bright dipole and dark quadrupole 

antennas.  
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Fig. 1.15. Schematic demonstration of dual pathway PIT structure and its 

corresponding transmission spectra in reference 63. a. Schematic of PIT 

structure. Transmission spectrum of b. CW as bright meta-atom and SRRs as dark 

meta-atoms and c. PIT structure. d-g. Transmission spectra of PIT structure while 

sliding SRRs from bottom to top of CW [63]. © [2012] AIP. 

 

 

Observation of PIT phenomenon in THz spectrum has been reported by several research 

groups. A PIT structure was reported via dual excitation pathways of dark modes [63]. In this 

structure which is shown in Fig. 1.15, a CW parallel to the incident electric field is excited as the 

broadband bright state. Two similar SRRs were used as narrowband dark states both of which 

positioned in left or right sides of the CW where they are excited through the induction from the 

CW. However, the observed PIT is tunable by vertically positioning SRRs along the CW. 

Interestingly, when both SRRs are located at the top spot of CW, just a single resonance frequency 

is observed. But, moving both SRRs downward ends up with a transparency window. 
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Fig. 1.16. Schematic illustration of diatomic and triatomic PIT structure and 

the corresponding transmission spectra in reference 64. a. Schematic of 

diatomic PIT structure composed of a CW and two SRRs. b. transmission spectrum 

of CW and diatomic structure. c-f. Schematic of three different designs for triatomic 

PIT structure. g-j. Transmission spectra for triatomic structure c-f, respectively 

[64]. © [2013] AIP. 

 

 

X. Yin et al studied a similar structure where they used two SRRs as a dark meta-atom in 

the same side of CW by which they achieved a PIT response [64] as seen in Fig. 1.16a. They call 

this structure a diatomic PIT structure, since it includes one bright state (CW) and one dark state 

(a pair of SRRs). Furthermore, they introduced four new structures by adding either one more 
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bright-state CW or one more pair of dark-state SRRs into their diatomic structure as shown in Figs. 

1.16c-f. Since in these structures there exist either one more bright or dark state, they call them 

triatomic meta-molecules. Figure 1.16 demonstrates these structures with their corresponding 

transmission spectra.  

While diatomic structure leads to a transparency window, triatomic structures exhibit three 

different behavior. The transmission spectra of structure C is very similar to diatomic PIT structure 

which produces a single band transmission window at around 1.1 THz. Interestingly, adding a CW 

to the diatomic structure such that two SRRs locate between CWs, i.e. structure d, results in 

disappearing the PIT response. Nonetheless, the other two triatomic structures give rise to a 

transmission spectrum with a dual band or single band transparency window dependent upon the 

distance between CWs (structure e with transmission spectrum in Fig. 1.16i) or SRRs (structure f 

with transmission spectrum in Fig. 1.16j.  

Although in abovementioned reports the PIT response can be tuned, adjusting their 

response requires a change in configuration usually by controlling the distance between dark and 

meta-atoms which is a passive approach of controlling the PIT response. However, there has been 

reports recently for active tuning of PIT response of metamaterials e.g. through the temperature in 

superconducting THz metamaterials or by applying a high power pump beam on PIT structures 

containing SRRs with Si islands in their gaps [65-67]. 

In most of the reported PIT structures, always a bright and a dark meta-atoms are required 

to be assembled such that they couple destructively with each other to observe a transparency 

window (dark-bright PIT metamaterials). However, there are also a handful reports of PIT 

structures by metamaterials such that the transparency window appears as a result of destructive 

interaction between two bright meta-atoms without need to dark meta-atoms [68-70]. Unlike dark-
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bright PIT metamaterial where a large contrast between the bandwidths of dark and bright states 

is necessary, in the latter case (bright-bright PIT metamaterials) the two bright states (meta-atoms) 

possess comparable bandwidths. For example, S. Chiam et al. used a metallic SRR enclosed within 

a larger metallic ring [69] to create such a bright-bright PIT metamaterial.  

 
Fig. 1.17.  PIT structure with two bright meta-atoms without need for dark 

meta-atom and corresponding transmission spectra in reference 69. a and b. 

optical and scanning electron microscope image, respectively. c and d. Comparison 

between transmission and phase spectra of when the polarization angle is in parallel 

and perpendicular directions, respectively [69]. © [2009] APS. 

 

 

Figure 1.17 shows this structure along with its transmission and phase spectra for two 

orthogonal polarizations named as parallel and perpendicular polarizations. In parallel polarization 

where PIT response is observed, the electric field of THz wave excites a dipole resonance on 

metallic ring and the first order resonance of inner SRR (blue graph). But in perpendicular 
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polarization, just the dipole resonance on metallic ring is activated, thus a single resonance 

frequency without transparency window is created (red graph). 

 

 

1-4. Study Roadmap 

The focus of this dissertation is centered on studying metamaterial structures to gain a 

better understanding of them for THz device applications. Figure 1.18 shows a diagram 

demonstrating the roadmap of the study in this dissertation which is focused on two major 

applications of THz metamaterials: sensing and communications.  

 

Fig. 1.18. Study roadmap. The focus of the study in this dissertation is on THz 

metamaterials for sensing and communication applications. 

 

 

In chapter two of this dissertation, the methods that we applied to design, fabricate and characterize 

the structures will be generally explained. Since in each design the methods may be slightly 
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modified for the desired structure, more details of methods are explained in each chapter 

corresponding to each structure.  

For sensing applications of THz metamaterials in this dissertation, perfect metamaterial 

absorbers is studied. In studying perfect metamaterial absorbers, first a particular type of this 

structure with narrowband polarization independent response that was already designed and 

fabricated in our group, will be studied in more details. To do so, a general dynamic electric circuit 

model will be presented in chapter three which interprets the underlying physics behind perfect 

metamaterial absorbers with narrowband response. Then in chapter four, a unique hybrid algorithm 

based on theoretical calculation, physical interpretation by the model, and fitting will be developed 

in order to precisely obtain the elements of the dynamic circuit model for our polarization 

independent metamaterial absorber. The model along with the hybrid algorithm allows to observe 

the effect of structural elements of the absorber on its response and additionally it qualitatively and 

quantitatively interprets the polarization independent response of our designed absorber. This 

study and the associated hybrid method and model will help to better and faster design 

metamaterial perfect absorbers and also to predict origins of possible mismatches between 

simulation and experiment.  

Although perfect metamaterial absorbers have been recently studied and developed 

extensively, but a particular type of these structures has not been investigated. Multilayer FSSs 

have been considered in designing perfect metamaterial absorbers to achieve multiband or 

broadband absorption in THz spectrum where metallic concentric crosses or rings were utilized in 

FSS designs, thus a polarization independent response was observed and reported in addition to 

multiband or broadband responses. However, a particular case of these structures where the rings 

or crosses are positioned in a multilayer FSS but in a nonconcentric fashion has not been studied 
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yet. In chapter five inspired by stereoisomers in chemistry, we will design, fabricate and 

characterize such kinds of perfect metamaterial absorbers with bilayer non-concentric circular 

rings as the FSS of absorber where the reflection symmetry between two rings in two layers is 

broken. We call this metamaterial absorber a perfect stereometamaterial absorber. We will see that 

this structure resembles similar characteristics as stereoisomers in chemistry and it demonstrates 

multifunctional properties such as single-band, dual-band, broadband, and absorption/reflection 

switching behavior controllable by the polarization of the incident THz radiation and relative 

positions of rings. Additionally, simulations shows that this structure exhibits a polarization 

dependent chirality. When the polarization of the incident wave is 0˚ or 90˚ the polarization of the 

reflected waves conserves the same incident polarizations. But when the incident polarization 

angle gets close to 45˚ the reflected wave demonstrates either vertical (0˚) or horizontal (90˚) 

polarizations.  

Chapters four and five also demonstrate that the response of perfect metamaterial absorbers 

can be passively tuned by reconfiguring and resizing the FSS or dielectric spacer. But in many 

application, active tuning of the response of metamaterial absorbers is demanded in designing 

dynamically tunable THz devices such as detectors and sensors. There are several approaches to 

achieve tunable metamaterial absorbers such as using nonlinear optical materials, 

superconducting, liquid crystals, and MEMS techniques [71-75] in metamaterial absorbers. 

Among them, liquid crystals has recently attracted great attention where they can manipulate THz 

radiation through applying a low frequency voltage [76]. Sensing application of perfect 

metamaterial absorber will end in chapter six where a liquid crystal tunable perfect metamaterial 

absorber will be presented such that liquid crystal is utilized as the spacer between FSS and metal 
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backplane to tune its absorption frequency via applying a low frequency voltages between FSS 

and metal backplane.     

For communications application, the focus of this dissertation is on EIT metamaterials, i.e. 

PIT metamaterial structures. Despite extensive exploration of these kinds of structures which has 

led to various types of PIT structures such as single band, multiband, broadband, and polarization 

dependent and independent designs, there still exists crucial challenges regarding fundamental 

understanding and optimizing the functionality of these structures. Here, we will study the second 

type of PIT structures where the transmission window is created by using two resonant meta-atoms 

directly excited by THz radiation which are called bright-bright PIT metamaterials. In chapter 

seven, we will answer one of the most challenging and open questions in this area. This open 

question arises when the group velocity of PIT metamaterials is calculated. To calculate the group 

velocity in PIT structures, a fundamental parameter of metamaterials which is called the effective 

thickness of metamaterials is needed to be determined where it dramatically influences the reported 

values of group velocity in these structures. To answer this open question in chapter six, we will 

present our developed method based on both simulation and experiment, and additionally we will 

study the effect of bright resonances on slow light in bright-bright structures.   

In chapter eight we will apply this method on a new thin and flexible PIT metamaterial 

with tunable slow light response. Like the previous PIT structure in chapter six, this structure is 

composed of two DSRRs with exactly the same dimensions but are made on 125 µm Kapton 

polyimide film instead of Si substrate. Additionally, there are two major differences compared to 

the PIT structure in chapter seven. One of them is the polarization of incident THz radiation which 

is orthogonal compared to that of in chapter seven and another is the small SRRs in this new 

structure which rotate relative to large SRRs to tune the PIT response unlike the structure in chapter 
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seven where SRRs are fixed and PIT response is not tunable. We show that group velocity in this 

novel structure decreases by 0.06 times of that in air where a delay of 7 ps is obtained in a thin PIT 

structure. Furthermore, we develop a unique circuit model to understand the underlying physics 

behind the operation of this PIT structure thereby we quantify the so called destructive interference 

as the source of PIT response in our metamaterial structure.    

Communications applications of THz metamaterials ends in chapter nine. In this chapter, 

we present a unique and novel platform to produce PIT metamaterials with completely independent 

control of states and more flexibility of tuning the PIT response. To do so, we integrate a bilayer 

wire-grid metamaterial filter with perfect metamaterial absorber to first make a Fano metamaterial. 

While the metamaterial filter demonstrates a broadband transmission, absorber possess a 

narrowband response inside the wide spectrum of the filter. As a result of integrating these two 

structures into each other, an asymmetric transmission spectrum is created which is the main 

characteristic of a Fano resonance. It will be shown that the response of metamaterial filter and 

absorber remains completely independent of each other after integration to obtain the Fano 

metamaterial. Then, by creating a dual absorbing bands spectrally close to each other by the 

metamaterial absorber, a narrow transparency window is created inside the broad spectrum of the 

filter with slow light characteristics. We additionally show that illuminating this structure in 

reverse direction demonstrates black-hole like characteristic of the structure by which terahertz 

radiation is focused in a subwavelength spot size with a subwavelength focal length.  

In chapter ten of this dissertation, we will summarize THz metamaterials for sensing and 

communications applications and in the end we will offer some suggestions in order to improve 

the functionality of these devices to make them more useful in practical applications.   
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CHAPTER 2 

METHODOLOGY 

 

This chapter will shortly review the techniques that we apply to design, fabricate, and 

characterize perfect metamaterial absorbers and PIT metamaterials in this dissertation. More 

details about the techniques are explained in each chapter for each individual structure. In the first 

section of this chapter, simulation techniques will be explained. The second section will explain 

the lift-off photolithography that we applied to fabricate the samples and the third section will 

present THz time domain spectroscopy (THz-TDS) approach that we used to characterize the 

fabricated samples. 

 

2-1. Simulation 

To design metamaterial structures, we used RF module of Comsol multiphysics software 

tool in frequency domain. Comsol uses numerical finite element method (FEM) in order to 

simulate the electromagnetic structures. There are various boundary conditions that can be applied 

to solve Maxwell equations in Comsol such as perfect electric conductor (PEC), perfect magnetic 

conductor (PMC), periodic boundary conditions, port boundary conditions, scattering boundary 

conditions, and perfectly matched layers (PML). Figure 2.1 shows a structure constructed in 

Comosl with all boundaries that are labeled as side, front and back boundaries as well as PML 

layers. Metamaterial structures that we study in this dissertation are basically two-dimensionally 
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periodic structures. Thus in simulating these structures, we apply periodic conditions for side 

boundaries for all structures in this dissertation. However for front and back boundaries, we use 

port, scattering, and PML conditions dependent on type of the metamaterial structure and 

simulation.  

 

Fig. 2.1. Schematic picture of a simulation. A SRR is positioned on Si substrate 

as the electromagnetic structure in this simulation which is surrounded by side, 

front, and back boundaries as well as PML layers.  

 

 

Comsol uses two different FEMs to solve Maxwell equations which are called full field 

and scattered field. In full field method, two input and output ports are needed to apply for front 

and back sides, one as the source and another as the detector, where the electromagnetic wave 

propagates from the source toward the detector. Indeed, port conditions are applied in full field 

solver where they provide scattering parameters, Sij, with i = 1, 2 and j = 1, 2. By using scattering 

parameters one can calculate transmission (T), refection (R), and absorption (A) by equations 2.1-
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3, considering the structure is symmetrically transmitting and reflecting in forward and reverse 

directions.    

𝑻 =  |𝑺𝟐𝟏|
𝟐 = |𝑺𝟏𝟐|

𝟐      Eq. 2.1 

𝑹 =  |𝑺𝟏𝟏|
𝟐 = |𝑺𝟐𝟐|

𝟐      Eq. 2.2 

𝑨 = 𝟏 − 𝑻 − 𝑹      Eq. 2.3 

 

Scattering parameters also give information about the phase of transmission and reflection as 

follows 

𝜑𝑇 = 𝑡𝑎𝑛−1
𝐼𝑚(𝑆21𝑜𝑟𝑆12)

𝑅𝑒𝑎𝑙(𝑆21𝑜𝑟𝑆12)
     Eq. 2.4 

𝜑𝑅 = 𝑡𝑎𝑛−1
𝐼𝑚(𝑆11𝑜𝑟𝑆22)

𝑅𝑒𝑎𝑙(𝑆11𝑜𝑟𝑆22)
     Eq. 2.5 

where φT and φR are phase of transmission and reflection, respectively, and Im and Real shows the 

real and imaginary parts of complex numbers.  

It is also worth mentioning that port conditions applied for front and back boundaries are 

polarization dependent. Should the structure changes the incident polarization, the use of port 

conditions is subtle and it needs a lot of attention in choosing the appropriate polarizations for 

ports. It is better in such cases to use scattered field solver instead of full field with PML for front 

and back sides which will be explained later in this section.   

In most cases, to guarantee that there is no reflection from front and back boundaries, which 

may make an artificial and unwanted Fabry-Perot effect and resonance in the spectrum under 

study, PML are applied in addition to port conditions. PML are indeed absorbing layers with a 

matched impedance with that of the surrounding medium which are used in numerical 

electromagnetic approaches to completely absorb electromagnetic radiation and thus to reduce the 

reflection from front and back sides for all frequencies. In other words, PML converts the finite 
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surrounding medium with front and back boundaries into an infinite surrounding medium without 

any front and back boundaries thereby no artificial and unexpected reflection is generated due to 

the front and back sides.  

Unlike full field solver, scattering field solver does not need ports as the source and detector 

for simulation. Full field solver numerically solves Maxwell equations and calculate the 

propagation of wave from source toward detector. But, scattering field solver uses perturbation 

theory to solve Maxwell equations. In this method, first a background electromagnetic wave is 

defined in surrounding medium which is considered as the incident electromagnetic wave in 

absence of the electromagnetic structure. Then, the electromagnetic structure which is considered 

as the scatterer is added to the simulation such that it perturbs the background electromagnetic 

radiation and it creates scattered fields. By accessing both defined background electromagnetic 

fields and calculated scattering fields one can obtain incident, transmitted, and reflected powers in 

Comsol thereby transmission, reflection, and absorption is calculated by 

𝑇 = 
𝑇𝑟𝑎𝑛𝑠𝑚𝑖𝑡𝑡𝑒𝑑𝑃𝑜𝑤𝑒𝑟

𝐼𝑛𝑐𝑖𝑑𝑒𝑛𝑡𝑃𝑜𝑤𝑒𝑟
      Eq. 2.6       

𝑅 = 
𝑅𝑒𝑓𝑙𝑒𝑐𝑡𝑒𝑑𝑃𝑜𝑤𝑒𝑟

𝐼𝑛𝑐𝑖𝑑𝑒𝑛𝑡𝑃𝑜𝑤𝑒𝑟
            Eq. 2.7 

𝐴 = 1 − 𝑇 − 𝑅      Eq. 2.8 

In scattering field solver, either PML or scattering conditions are applied for front and back 

boundaries, instead of port conditions. If the electromagnetic structure, i.e. scaterrer, changes the 

incident, i.e. background polarization, scattering field solver with periodic condition on side 

boundaries, but PML on front and back boundaries is the most successful method for simulation.  
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2-2. Fabrication 

To fabricate the designed metamaterial structures we use one-layer or two-layer lift-off 

ultraviolet (UV) lithography along with spin coatings of polyimide or polyvinyl alcohol (PVA) 

dependent on the metamaterial structure. In this section, we will review briefly the standard lift-

off photolithography approach for fabricating samples. The details of fabrication for each 

individual structure will be explained in corresponding chapters.  

To start UV-lithography first we chemically clean the wafer by Isopropanol or Acetone, 

dependent on the type of the substrate wafer, to remove particulate matter on the surface of wafer. 

Figure 2.2 shows schematically the standard lift-off UV-lithography that we apply to fabricate 

samples after cleaning the wafer. Lift off resist (LOR) is first spin coated on the substrate wafer 

by high speed centrifugal whirling of the wafer to create a thin and uniform layer of photoresist on 

surface of the wafer which is then followed by baking the wafer on a hot plate. Subsequently, 

S1808 positive photoresist is spin coated on LOR and again baked on top of a hot plate. Note that 

for positive photoresist, the associated mask is a quartz wafer whose surface except the 

metamaterial patterns is coated with chrome. Thus, metamaterial patterns are open areas in the 

mask that UV light can transmit through them to expose the photoresist. The spin coated 

photoresist, along with the mask on it, is exposed to UV light to photo-chemically transfer patterns 

on the photoresist. The photoresist is then developed by MF319 developer which is also followed 

by rinsing in deionized water to remove UV-exposed photoresist areas (metamaterial patterns). E-

beam evaporation is then carried out to deposit Ti/Cu with desired thicknesses on the photoresist. 

Eventually, 1165 solvent is utilized in lift-off process to remove UV-unexposed photoresist areas 

with the excess Cu on, thereby Cu with metamaterials patterns are just left on the wafer. It is worth 
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mentioning that sometimes it is also required to apply sonication along with 1165 solvent to lift 

off extra photoresist with Cu on it.   

 

Fig. 2.2. Schematic demonstration of standard lift-off photolithography. Spin 

coating of positive resist (PR) followed by UV exposure, developing, Ti/Cu 

deposition, and lift-off. 

 

 

2-3. Experiment 

We use THz-TDS to experimentally characterize our fabricated samples in this 

dissertation. A schematic illustration of the THz-TDS setup in transmission mode is demonstrated 

in Fig. 2.3. First. A 780 nm laser beam from a Ti-Sapphire laser is split into two beams, probe and 

pump beams. Pump beam transmits through mirrors and is focused on photoconductive antenna 

(PCA) to excite carriers in PCA. PCA is made of a low temperature GaAs with a micro-antenna 

deposited on it in order to generate broadband THz radiation. The generated THz wave passes 

through the sample and is reflected into a ZnTe crystal by a mirror. The other split beam, i.e. probe 

beam, reaches the same ZnTe crystal and propagates collinearly with THz wave through the 

crystal, after passing through a delay line and reflection from multiple mirrors. Delay line is used 
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for probe beam in order to control the timing between probe beam and THz wave to meet each 

other on ZnTe, simultaneously. 

 

Fig. 2.3. Schematic view of THz-TDS setup used for characterizing fabricated samples.  

 

   

When THz wave shines ZnTe crystal, it induces birefringence in the crystal where the 

probe beam experiences such birefringent property and as a result changes its linear polarization 

into elliptical one. Now, elliptically polarized probe beam is split into two orthogonal polarizations 

by using a quarter wave-plate and a Wollaston prism and are detected by two photoconductive 

antennas where their voltage difference is a measure for the THz wave transmitted through the 

sample. It is worth mentioning that the measured THz signal is the voltage difference between two 

detectors which is recorded in time domain. To obtain power spectrum of the THz signal, a fast 

Fourier transform (FFT) is applied into the time domain signal thereby, transmitted (reflected in 

case of reflection measurement) power through the sample and phase information of that is 

obtained. To calculate transmission, reflection, and absorption, we also perform a reference 

measurement in addition to the sample measurement. The reference is usually the substrate of the 

metamaterial structure or in the case of metamaterial absorber it is Cu backplane deposited on Si 
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substrate and coated with the spacer polyimide. Accessing both measured sample and reference 

power spectra, we then can calculate transmission, reflection and absorption using Eqs. 2-6, 2-7, 

and 2-8.
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CHAPTER 3 

DESIGN AND ANALYSIS OF PERFECT TERAHERTZ METAMATERIAL ABSORBER BY 

A NOVEL DYNAMIC CIRCUIT MODEL2 

 

Metamaterial terahertz absorbers composed of a frequency selective layer followed by a 

spacer and a metallic backplane have recently attracted great attention as a device to detect 

terahertz radiation. In this work, we present a quasistatic dynamic circuit model that can decently 

describe operational principle of metamaterial terahertz absorbers based on interference theory of 

reflected waves. The model comprises two series LC resonance components, one for resonance in 

frequency selective surface (FSS) and another for resonance inside the spacer. Absorption 

frequency is dominantly determined by the LC of FSS while the spacer LC changes slightly the 

magnitude and frequency of absorption. This model fits perfectly for both simulated and 

experimental data. By using this model, we study our designed absorber and we analyze the effect 

of changing in spacer thickness and metal conductivity on absorption spectrum. 

 

3-1. Introduction 

Terahertz (THz) radiation encompasses a range of frequencies in the electromagnetic 

spectrum between 0.1 THz and 10 THz.  There has been an increasingly strong driving force to 

make use of this portion of the spectrum because of the potential benefit of THz technology in a 

                                                 
2 This chapter is a published work of the author of this dissertation: Hokmabadi, Mohammad Parvinnezhad, et al. "Design and analysis of perfect 

terahertz metamaterial absorber by a novel dynamic circuit model." Optics express 21.14 (2013): 16455-16465. 
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range of application including, but not limited to, medical imaging [1], environmental monitoring 

of earth [2], remote sensing of explosives [3], and semiconductor electrical property determination 

[4,5], as terahertz radiation has the unique ability to safely penetrate a wide variety of non-

conducting materials including clothing, paper, cardboard, wood, masonry, plastic and ceramics, 

and to interact with molecules without any ionizing effect [6].  However, this scientifically rich 

spectrum has been technologically underdeveloped. On the other hand, commonly used devices 

and techniques in the microwave and optical regime are not applicable to measure and manipulate 

terahertz radiation. THz detection techniques and devices like Terahertz Time Domain 

Spectroscopy (THz-TDS) and bolometer suffer from some major drawbacks like larger size, lower 

sensitivity at room temperature, higher cost or indirect measurement of THz radiation in frequency 

domain. Therefore, there exist great demands for a compact, low cost and sensitive THz detector 

capable of directly measuring THz radiation.  

Metamaterial which is an artificial subwavelength composite material that can manipulate 

electromagnetic waves by proper designing of its effective permittivity and permeability could be 

an alternative approach to meet this need [7,8]. Among different devices based on metamaterials, 

metamaterial terahertz absorbers (MMTA) have been recently attracted attentions due to their 

potentials which promise a novel compact and perfect THz detector. The first MMTA, proposed 

by Hu Tao et al. [9], was based on three major components including a patterned metallic layer as 

a frequency selective surface (FSS), a dielectric spacer and a metallic backplane, which absorbs 

THz radiation in a very narrow bandwidth. Soon after, more research was done to enhance the 

bandwidth of the absorber. Similar structures were reported either to make multiband MMTAs by 

using different FSS for various resonance frequencies [10-12],or to make broadband absorbers by 

bringing resonance frequencies closer to one another and by engineering the frequency dispersion 
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of FSS to mimic an ideal absorbing sheet in infrared range. [13-16] Other structures were also 

designed and fabricated to improve polarization insensitivity of MMTA by using four-fold 

symmetric FSS [11, 17]. A thorough study of the recent advances in MMTAs has been recently 

reported by C. M. Watts et al [18]. 

There have been reports of a few different physical mechanisms to understand operational 

principles of the metamaterial terahertz absorbers; anti-parallel currents [9], out of phase currents 

inside the absorber [19], standing waves resonances inside spacer [10], and destructive interference 

between reflected waves of the FSS and metallic back layer [20].  Several articles have reported 

modeling of split ring resonators (SRR) based on RLC resonator circuits by using either 

Transmission Line method (TL) or qausistatic approach [21-25].  Lorentz oscillator model has 

been considered in other works for determining effective permittivity and permeability of 

metamaterials by quasistatic and nonquasistatic circuit models [16, 22-29]. Inspired by SRR 

electric models, several researchers have proposed similar models applying for FSS and filters in 

microwave and to understand their principal function and improve their responses [30-33]. In those 

models, metallic patterns have been considered as an inductor in series configuration with a resistor 

and the dielectric gap between metallic surfaces as a capacitor. Similarly, Y. Pang et al. have 

proposed a simple TL model to accurately describe the operation of their GHz absorber [34]. This 

model is composed of a series RLC circuit, to account for resonance and loss in the FSS, which is 

in parallel to a transmission line accounting for the dielectric spacer. A similar work has also been 

reported in more detail in THz domain [35]. Furthermore, Q. Wen et al modeled the first reported 

MMTA by considering both dipole and LC resonances in the FSS as well as the coupling 

interaction between the two [36]. However to the best of our knowledge, a quasistatic RLC circuit 
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model has not been introduced yet for this type of absorbers to explain its functionality by 

considering the effect of both FSS and the spacer. 

In this work we present a simple and straightforward quasistatic dynamic RLC model that 

can fit well with absorption response of MMTAs. Based on Lorentzian shape of the absorption 

spectrum, a simple RLC band-pass circuit is first employed to model the perfect absorption (100%) 

from the absorber. Then, in order to understand the effect of dielectric spacer on absorber function, 

a parallel RLC loop is inserted into circuit. In addition to simplicity, our model describes well the 

physics governing the operation of MMTAs based on destructive interference theory [20]. 

 

3-2. RLC Circuit Model of MMTA 

The circuit model of MMTA was originated from our observation that absorption spectrum 

of MMTA is a Lorentzian function that can be described as, 
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                                                       Eq. 3.1   

where x0 is the resonance frequency,   is half width at half maximum bandwidth (HWHM)  and I 

is the peak of resonance. On the other hand, it is clear from circuit theory that square magnitude 

of transfer function in a band-pass filter can accurately mimic a Lorentzian function. Therefore a 

simple band-pass RLC circuit shown in Fig. 3.1a can be used to model an absorption spectrum of 

MMTA. To design this model, we start with the case of a perfect MMTA which has 100% 

absorption. As shown in the Fig. 3.1a, LC determines the resonance frequency in FSS of MMTA 

and R determines the resistivity of metal in FSS and backplane. We derived magnitude square of 

transfer function of the circuit, where  
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                                                Eq. 3.2 

and fitted this to the simulated data from our absorber to find L, C and R. Bandwidth of the band-

pass filter is proportional to R, where increasing R means increase in bandwidth which agrees well 

with the results previously reported [36].  

 

Fig. 3.1. Model for perfect absorption case and the schematic picture of the 

designed metamaterial absorber. a. Quasistatic RLC model for a perfect MMTA 

with 100% absorption. b. Schematic of the FSS of absorber which gray band is 

copper deposited on polyimide and c. three dimensional picture of the absorber. 

The space between patterned plane and metal backplane is polyimide.  

 

 

Figures 3.1b and c illustrate an MMTA structure studied in this paper, which was designed by our 

group to exhibit polarization independent and wide incident angle response. Details of the 

simulation and experimental results of polarization insensitivity and incident angle dependence 

have been reported elsewhere. [37, 38, 39] In this structure, copper and polyimide have been used 

as the metal and the spacer material respectively. The simulation has been done through COMSOL 

Multiphysics by using Finite Element Method (FEM). In the origin of designing our perfect 

absorber structures, we have used Comsol’s standard material library for the material parameters, 

including a copper and polyimide conductivity of 6×107 (S/m) and 6.67×10-16 (S/m), respectively. 
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The polyimide complex permittivity of 3.15 + j0.1 was used in our simulations, which was 

empirically determined by both ellipsometry and THz time domain spectrometer. For the finite 

element simulation, the total number of free tetrahedral mesh elements is 786971.We have utilized 

a continuous plane-wave source and periodic boundary conditions to simulate the structure. Due 

to the metal backplane, there is no transmission through the structure and hence the absorption is 

calculated by A = 1 – R, where R is the reflection. In this work, absorbers were studied under 

normal incidence and with a vertical polarization excitation. 

If the MMTA absorption is not perfect, such a simple circuit model will not suffice, as it 

will always give 100% absorption. To make the circuit model realistic and accommodate the 

possibility for non-perfect absorption, we should add a component to account for the spacer layer 

to the model. In order to decrease the peak of absorption for non-perfect cases, another resistor 

between LC and R should be considered. The peak of absorption changes based on the value of 

this resistor, and perfect absorption will be obtained when it is equal to zero. In actual MMTA, 

spacer thickness and permittivity of dielectric tend to change the absorption frequency slightly, 

while a resistance of the spacer does not change the resonance frequency of the model. Therefore, 

variation in resistance of the spacer cannot be sufficient to account for the spacer. In order to realize 

the spacer in the model another series LC component which is parallel to the resistor should be 

added. Figure 3.2a depicts the complete circuit model that is proposed in this work. Rp and LpCp 

account for the spacer so that LpCp can bypass the resistor Rp in the perfect case compared to the 

non-perfect cases, where LpCp can vary both absorption amplitude and frequency slightly. The 

magnitude square of the transfer function for this circuit shown in Fig. 3.2 can be written as,  
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            Eq. 3.3          

In this model, the absorption frequency is dominantly determined by FSS as a given LC.  

LpCp and Rp play the role of resonance inside spacer, between metal backplane and FSS which its 

resonance frequency is determined by LpCp. In more details, Rp becomes parallel with impedance 

ZLpCp and represents any loss in the absorber energy due to reflection. Whenever LC and LpCp 

resonance frequencies match, Rp will get short-circuited and the structure will operate as a perfect 

absorber with 100% absorption. In this case, the currents I1 and I2, have the same magnitude but 

are out of phase so that they will cancel out each other in Rp. If we view I2 as the reflected wave 

of the resonance inside spacer toward the source and I1 as the first reflected beam on FSS interface 

and air, this model works well to explain interference theory as shown in Fig. 3.2b.  

In the case of a non-perfect absorber, the LC and LpCp resonance frequencies cannot be 

equal anymore, thus impedance Z|| = Rp || (ZLpCp) will lead to a drop in the output voltage VO. It 

means that the reflected wave I2 will no longer be out of phase with I1 and consequently the total 

reflected power will not be zero (absorption not 100%). Non-perfect absorption can come from 

two sources: one is the dielectric spacer layer where the thickness or permittivity varies, and the 

other is variation in metal conductivity. The former case is explicitly explained by changes in LpCp 

and Rp directly. Unfortunately, effects of changes in metal conductivity are more subtle. 

If the metal conductivity remains close to a perfect conductor, the resonance frequency 

associated with the FSS will be most likely fixed since it comes from L and C of the FSS layer 

which are independent of metal conductivity. Therefore the dominant resonance frequency of the 
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absorber will not be directly changed by metal conductivity as we observed through simulation of 

the FSS resonance frequency by using different metal conductivities. 

 

Fig. 3.2. Realistic model and absorption mechanism. a. Complete quasistatic 

RLC model for a MMTA with current loops corresponding to first reflected beam 

(I1) and collective reflection from spacer cavity (I2) and b. Schematic of reflection 

beams in a MMTA. I1 is the first reflected beam and I2 is collective reflection spacer 

cavity. In perfect absorption case, I1 and I2 are out of phase and equal-magnitude.  

 

 

However, instead, it is important to note that any change in metal conductivity will eventually 

change the resonance condition inside the cavity of spacer. Since the permittivity of a metal is 

related to its conductivity through 
'

/
r

j      and its refractive index is related to the 

permittivity through 
r

n  , the conductivity of a metal changes its refractive index. This change 

in metal refractive index will then alter the phase and amplitude of the reflected and transmitted 

waves at both facets inside the spacer cavity resulting in a change in the resonance condition of 

the cavity and hence LpCp resonance frequency. The LpCp resonance frequency will shift further 

from LC (the major and dominant resonance frequency associated with the FSS) and the 

impedance (ZLpCp) of LpCp will no longer be zero. According to the change in cavity condition, 

ZLpCp will be a positive or negative imaginary number resulting in a phase shift in I2. Therefore 

reflected waves of I1 and I2 cannot be completely out of phase anymore. In this case, Rp will get 
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involved in the circuit and will decrease absorption and LpCp will shift the structure absorption 

resonance frequency. 

 

3-3. Results and Discussion 

Table 3.1 summarizes parameters of two different absorber structures, A and B which are 

studied. This table includes the parameters used to simulate MMTAs for perfect absorber which 

are indicated in Fig. 3.1. Both structures are simulated to obtain absorption magnitude and 

resonance frequencies and we applied our model to fit the absorption spectra.  

 

Table 3.1. Dimensions of the simulated and fabricated absorbers 

Absorber* d  di  wr  wp  h1 b1  sep1  

A (Simulated) 50 18 3.5 19 67 0.4 6, 7, 9 

B (Simulated) 50 18.5 3 13 67 0.2 7.5 

C (Fabricated) 50 18.5 3 13 67 0.2 10.7 

1sep is the polyimide thickness and b is the thickness of copper. Polyimide permittivity is 3.15 and 

copper conductivity has been considered 5.998×107 in simulation.  
*All dimesnsions are in micrometer 

 

 

Figure 3.3 shows the results of fitting Lorentzian Eq. (1) to the simulated data for the 

absorber A with 7 µm spacer thickness. Polyimide with 7 µm thickness gives nearly perfect 

absorption (99.8%) at 0.87 THz. We obtained x0 = 0.8713 THz,   0.01967 THz, and I=1 from 

the fitting results respectively, which confirms our assumption for perfect absorber discussed in 

previous section. Additional simulations confirmed that reasonable changes in spacer thickness 

from 5.5 up to 15 µm, spacer permittivity from 3 up to 3.5 or spacer conductivity do not change 

the resonance frequency more than half width at half maximum bandwidth of the absorber. Thus, 

we used this limit on LpCp and Rp to avoid undesired values for parameters. If the small change in 
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LpCp and Rp results in large deviation in resonance frequency, those set of values are not acceptable 

so that fitting will get continued to find acceptable values. 

 

Fig. 3.3. Lorentzian fitting of the simulation data. Fitting is for the absorption 

spectrum of absorber A with 7 µm polyimide thickness. 

 

Table 3.2. Parameters extracted from fitting for simulated data of absorber 

A with three different polyimide thicknesses 
Absorber A 

sep (µm) 

2πC 

(pF) 

2πCp 

(pF) 

2πR 

(Ω) 

2πRp 

(Ω) 

2πL 

(pH) 

2πLp 

(pH) 

ZLpCp 

(Ω) 

Z|| 

(Ω) 

6 0.17 0.3952 0.4049 0.7786 7.7353 3.44 j0.0982 0.0135+j0.0982 

7 0.17 0.579 0.4049 0.5227 7.7353 2.2798 j0.0075 0.0001+j0.0075 

9 0.17 1.276 0.4049 0.2 7.7353 0.9874 -j0.0376 0.0068-j0.0364 

 

 

To examine non perfect case in circuit model, we first started with fitting absorber A 

(perfect case with 7 µm spacer thickness) with Eq. (3). Results of the obtained fitting parameters 

are summarized in table 3.2. Then we varied the spacer thickness to both 6 µm and 9 µm in the 

same absorber A structure to achieve non-perfect cases. Since everything is same except the 

polyimide thickness, we can use the values of L, C and R obtained for the 7 µm case in the table 

3.22 as a reference.  Once L, C and R are fixed, the Lp, Cp and Rp can be determined by fitting Eq. 

(3) again for absorber A with 6 and 9 µm. ZLpCp is almost zero for 7 µm but it is positive and 
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negative imaginary numbers for 6 and 9 µm (non-perfect case) respectively, confirming that I2 is 

not out of phase with I1 anymore, hence the absorber loses some energy by non-zero reflection. 

Figure 3.4 illustrates fitting results from the absorber A and compares those three absorbers 

with different polyimide thicknesses. The dashed curve is the fitting result for the 7 µm or perfect 

case while the solid curves belong to the fitting results for non-perfect absorber with 6 and 9 µm 

spacer thickness in Figs. 3.4a and b, respectively. Circular dots represent data obtained from FEM 

simulation for 7 µm case and square dots are the data from simulation for non-perfect MMTAs. 

We also simulated the absorber with finer frequency step sizes around the peak to verify the 

matching peak position between simulation data and fitting curves. We confirmed resonance 

frequency and absorption value at peak matched very well for both fitting and finer simulation. 

From the Fig. 3.4, we found fres is 0.867 THz with 97.00% absorption for 6 µm MMTA, and fres is 

0.875 THz with 97.5% absorption for 9 µm MMTA. 

 

Fig. 3.4. Fitting results for absorber A by using RLC model. Circular dots are 

simulation data for 7 µm MMTA and square dots are simulation data for 6 and 9 

µm in figures a and b respectively. Solid line is the fittings for non-perfect MMTA 

and dashed line is the fitting for perfect case. Insets are fitting of simulation with 

finer frequency at peaks by using the electric model.  
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Finally the circuit model was applied to the experimental results. Absorber C in table 3.1 

describes the dimensions of an absorber structure fabricated using standard photolithography. The 

Cu backplane and FSS Cu elements were deposited by electron beam evaporation with the FSS 

elements patterned by UV exposure of a positive photoresist through a dark-field photomask.  

After metal deposition of the FSS elements, excess Cu was removed by lift-off.  The polyimide 

dielectric layer between the ground plane and FSS layer was deposited by spin coating consecutive 

layers to achieve the desired thickness.  Once applied to the ground plane, the polyimide was baked 

in nitrogen at 350°C for one hour to ensure complete curing. It should be noted that variation in 

the polyimide curing process can lead to slight differences in the optical properties of the polyimide 

film. For this work, the polyimide curing procedure was strictly maintained constant to avoid this 

issue. THz time domain spectroscopy in reflection mode with normal incident beam was used for 

the experimental absorption measurement. The details of the measurement were reported in 

previous work [39]. 

 

Fig. 3.5. Fitting results for absorber B by using RLC model and reflection 

spectrum of FSS. a. Absorption spectrum of structure B where circular dots are 

simulation data for 7.5 µm polyimide thickness and square dots are measured data 

for 10.7 µm polyimide thickness in the sample. Solid and dashed lines are the fitting 

results. b. Effect of the changing in conductivity of copper on FSS reflection. Solid 

line is for 
7

6 10 /S m   and dashed line is for 
6

6 10 /S m   .  
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Figure 3.5a shows the absorption spectrum and fitting results to Eq. (3) for both 

experimental and simulation data (absorbers B and C). The circular dots show the data from 

simulation for the perfect absorber case (absorber B) as the reference and the square dots 

correspond to experimentally measured data for the same absorber with 10.7 µm polyimide 

thickness (absorber C, supposed to be non-perfect). It is clearly observed that the resonance 

frequency was shifted to the left and the absorption bandwidth was significantly broadened 

compared to the resonance frequency of 0.899 THz with 99.99% absorption of the perfect absorber 

with polyimide thickness of 7.5 µm. The fitting parameters which show large variations in R, Rp 

and LpCp are summarized in table 3.3. Similarly to what was done for the fitting procedure for 

absorber A, we first fitted absorption spectrum of the perfect case (absorber B) and determined the 

values of R, L and C. Then we used the same values of R, L and C for absorber C to fit absorption 

spectrum of absorber C using Eq. (3) finding Rp,Lp and Cp. 

 

Table 3.3. Parameters extracted from fitting for simulated and experimental 

data of absorber B and C. 

Absorber 
2πC 

(pF) 

2πCp 

(pF) 

2πR 

(Ω) 

2πRp 

(Ω) 

2πL 

(pH) 

2πLp 

(pH) 

ZLpCp 

(Ω) 

Z|| 

(Ω) 

B; 

Simulation 

0.190

4 
0.7757 

0.416

4 
1 6.4968 

1.579

2 
-j0.0139 

0.0002-

j0.0139 

C; 

Experiment 

0.190

4 
9.971 

0.928

3 
25 6.4968 

0.955

8 

j0.0747

8 

0.0224+j0.747

2 

 

However, we found the fitting in the case of absorber C was not straightforward and did 

not converge at first. The reason was because the values of L, C and R were fixed and changing 

Lp,Cp and Rp meant reasonable deviation in polyimide characteristics and thickness that could not 

shift the resonance frequency from 0.9 THz to 0.85 THz. In fact, based on our simulations, we 

showed that increasing the polyimide thickness (from the 7.5 µm of absorber B to the10.7 µm of 

absorber C) actually leads to a blue shift of the resonance from 0.9 THz to 0.91 THz, rather than 
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the observed red shift.  In order to proper fit the experimentally measured data of absorber C, we 

found that R should be higher than the value used in FEM simulation, and the resulting fit 

parameters are shown in table 3.3. Because R is related to the resistivity of the copper, the obtained 

higher R means a lower conductivity of copper, which is the main reason for bandwidth broadening 

and confirms the similar result reported by other researcher [36]. A reduction in the conductivity 

of copper might be due to the thin copper layer thickness which makes carrier scattering by lattice 

defects much larger than scattering by phonons [40].To confirm the impact of a lower copper 

conductivity, and to show that FEM simulation using a lower conductivity leads to a more 

reasonable match to experiment, we measured the conductivity of the copper in our structure and 

obtained a value of 3×107 (S/m), which is half the one originally used from the Comsol standard 

material library. FEM simulation using this reduced conductivity in the geometry of absorber C 

then led to a red shift in the resonance frequency to 0.87 THz (from 0.91 THz).  This was 

accompanied by a broadening of the absorption peak to close to that in Fig. 3.5a. Furthermore, as 

discussed in the previous section, the conductivity of copper should not affect the resonance 

frequency of the FSS itself but will change the amplitude and the phase of the reflected and 

transmitted waves of the FSS. To verify this, we simulated the reflection spectrum from the FSS 

alone without ground backplane for two different copper conductivities as shown in Fig. 3.5b. It 

can be seen that reducing copper conductivity by 10 times does not change FSS resonance 

frequency at all. From the above reasoning, we conclude that the differences between the 

absorption spectra of perfect absorber B and experimentally fabricated absorber C are majorly due 

to the change in copper conductivity, which results in a resonance frequency red-shift, a peak 

broadening and leads to large changes in LpCp and Rp values in the fitting results. 
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To better understand the influence of metamaterial geometries on the RLC values, we can 

gain some insight on the physical origin of L and C by first observing in Fig. 3.6a the electric field 

strength and current density distribution on the front layer of perfect absorber B. For clarity, we 

have added white arrows to show the direction of current. It clearly shows that resonance in the 

FSS arises not only in the gaps between the two vertical legs but also as a dipole on the square 

ring. By contrast, the horizontal legs do not contribute to the resonance. From this observation, we 

can infer that the capacitance C originates primarily from the electric charges in upper and lower 

parts of the FSS pattern where the electric field looks most intense. On the other hand, the origin 

of inductance L should be straightforward to understand, since we know the path of the resonant 

current. It comes from the self-inductance of metal bars in which the current flows. According to 

the current path on the FSS, the simplified equivalent circuit model for the FSS should be like Fig. 

3.6b which will result in the equivalent inductance: 

2 3 10.5(2 ) 2L L L L                                                               Eq. 3.4 

The self-inductance of a metal wire is proportional to its length, therefore by increasing the 

length of the wire its inductance will increase. This is why the inductance L of absorber A is larger 

than B, because, in absorber A, wp is bigger than that of B and the trapezoidal part of vertical legs 

contributes to the resonance current, therefore the value of L1 and hence L increases in absorber 

A. Since the capacitance C is almost the same between absorbers A and B, the resulting resonance 

frequency decreases. 

Figure 3.6c shows the current density and electric field profile on the backplane. As seen 

in the figure, the resonance current on backplane is in opposite direction to that in the FSS. These 

opposite currents make a mutual inductance between the FSS metal pattern and the backplane 

which is the origin of Lp in our model. We can use the method of image charges to understand this 
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mutual inductance such that we can remove metal backplane and place the image of the FSS pattern 

with respect to the backplane. Whenever the distance between the FSS and its image increases, the 

mutual induction between them, i.e. Lp, decreases, which is consistent with the fitting results for 

Lp for absorber A when the spacer thickness was changed. 

 

 

Fig. 3.6. Electric fields, current densities of FSS and backplane and FSS circuit 

model. a. Electric field strength and current density distribution on FSS. White 

arrows indicate to the path of the resonance current. b. Equivalent circuit model of 

the FSS with red arrows indicating to the resonance current path. c. Current density 

and electric field profile on the backplane with black arrows showing the current 

path.  

 

 

As for the resistance R in the model, it is the sum of the resistances from the FSS metal 

bars and the metal backplane, which can be calculated approximately through R  = ρl/A on the FSS 

bars by considering skin depth at terahertz range. Because the current on the backplane is 

distributed on a large area, the backplane resistance should be much smaller and probably 

negligible compared to the resistance from the FSS. 

 

3-4. Conclusion 

In summary, we showed that MMTA can be fitted well to Lorentzian function and hence 

we can model it as a quaistatic RLC circuit model. Our RLC model is based on a band-pass circuit 
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with an additional loop of LpCp || Rp as the polyimide positioned between LC and R as the FSS 

and loss in metal respectively. This model can explain well the physics of the MMTA, similar to 

the previously reported interference theory. We analyzed our designed and fabricated absorbers 

by this model and we investigated intentional changes in fabricated sample based on the electric 

elements values of the circuit model. 
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CHAPTER 4 

COMPREHENSIVE STUDY OF TERAHERTZ METAMATERIAL ABSORBER BY 

APPLYING A HYBRID APPROACH ON ITS CIRCUIT ANALOGUE3 

 

Here, we propose a hybrid approach to uniquely determine the elements of the circuit 

analogue of the terahertz metamaterial absorber that we previously reported. The proposed method 

is based on calculations, fitting, and physical mechanism of the absorption process interpreted by 

the model. In this work, the correlation between the model components and our designed absorber 

is comprehensively enlightened, and the dependence of the model elements to structural 

dimensions of the absorber is analyzed both qualitatively and quantitatively. By applying this 

approach on frequency selective surface (FSS) model, we are also able to interpret the polarization 

insensitivity of our designed absorber. The proposed model and approach is applicable for all 

metamaterial absorbers with any arbitrary FSS design. 

 

4-1. Introduction  

Since the theoretical prediction of Veselago and pioneering work of J. Pendry 

metamaterials have paved a new avenue to engineer novel optical devices [1-3]. Designed to render 

a desired optical characteristics at a given spectrum, metamaterials are promising structures to fill 

the so called terahertz gap (0.3 up to 10 THz) where natural materials are rarely available to exhibit 

a functional THz response. Their application spans from superlenses, cloaking, imaging, and spin 

                                                 
3 This chapter is a published work of the author of this dissertation: Hokmabadi, Mohammad Parvinnezhad, et al. "Comprehensive study of 

terahertz metamaterial absorber by applying a hybrid approach on its circuit analogue." Optical Materials Express 5.8 (2015): 1772-1783. 
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Hall effect of light to modulators, switches, detectors, and sensors [4-12]. THz metamaterial 

perfect absorber is one of the engineered devices that has been recently of a great interest. A 

frequency selective surface (FSS) followed by a dielectric spacer and a metal backplane forms a 

metamaterial absorber. Since its first demonstration, it has been extensively developed into 

polarization independent, multiband, broadband, and tunable absorbers, and its applications as a 

THz sensor and detector have been recently demonstrated [13-23]. Owing to the subwavelength 

dimension of metamaterials, and since their spectrum mimics a Lorentzian line-shape, their 

functionality resembles an equivalent circuit model [24]. Creating a good correspondence between 

the elements of a model and a metamaterial structure is greatly helpful for better understanding 

and faster designing of optical devices. Several articles have been reported concerning the electric 

models of basic one layer metamaterials such as SRRs, filters, and FSSs in which they have 

considered metallic part containing oscillating current as an inductor in series with a resistor and 

the gap between metals as a capacitor [25-32]. In closely tight or multilayer structures of 

metamaterials where there is an interaction between unit cells, a mutual inductance between 

adjacent unit cells has been also considered [33, 34]. However, there are only a handful reports 

regarding electric analogs of the metamaterial absorber [35-37]. More recently, we proposed a 

dynamic circuit which models these kinds of absorbers based on the interference theory of the 

reflected waves [38, 39]. The model is composed of a series RLC band-pass circuit for the case of 

perfect absorption (100%) where L and C are the capacitance and inductance of FSS, while R is 

the resistance of FSS and metal backplane. In order to consider the effect of dielectric spacer in 

imperfect cases, another RLC circuit was embedded between the initial LC and R. The second 

RLC circuit (RPCPLP) which is accounted for the resonance inside the spacer is a series LPCP 

component parallel to the resistor RP. The corresponding components of the model were evaluated 
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by fitting the squared magnitude of VO/Vi, the transfer function, to the simulated data where VO 

and Vi are input and output voltages, respectively, and therefore a circuit model with an equivalent 

response of the absorber was reported. 

In this paper, we report a hybrid approach to determine unique values of the elements of 

this dynamic circuit model by using calculation, fitting, and absorption mechanism interpreted by 

the model. We express in more details the correlation between the model components and our 

designed absorber and analyze qualitatively and quantitatively the dependence of the model 

elements to structural dimensions of the absorber. The metamaterial absorber under study is 

designed such that it exhibits polarization insensitive response. Based on our evaluated parameters, 

we are able to explain the effect of the dimensions on THz response and polarization insensitivity 

of the absorber. This model with the associated hybrid approach is applicable for all metamaterial 

perfect absorbers with an arbitrary FSS design.  

 

4-2. Design and Simulation 

The metamaterial absorber under study in this paper is illustrated schematically in Fig. 4.1. 

Figures 1(a) and 1(b) show three dimensional and front view illustrations of the absorber, 

respectively. To design the structure, COMSOL was utilized to solve Maxwell equations by using 

finite element numerical method (FEM). Cu was used as the metal and polyamide as the dielectric 

spacer in simulation. We used COMSOL’s material library data for polyimide and Cu 

conductivities which are 6.67×10-16 S/m, and 6×107 S/m, respectively. Also, polyimide 

permittivity was considered to be 3.15. A continuous plane wave source and periodic boundary 

conditions were applied in FEM simulation where the total number of free tetrahedral mesh 

elements was 349346. 
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Fig. 4.1. Schematic picture of the designed metamaterial absorber. a. Three 

dimensional schematic and b. Front view illustration of the designed absorber 

composed of FSS, polyimide and metal backplane. The purple areas are Cu and the 

green areas are polyimide.   

 

 

Absorption calculation was performed via A = 1 – R with A as the absorption and R as the 

reflection whereas the transmission through the structure is equal to zero. Table 4.1 summarizes 

the dimensions of the designed structure studied here. Absorber with 14 μm polyimide thickness 

gives rise to nearly perfect absorption (≈100%) at 0.476 THz while 11 μm and 17 μm polyimide 

thicknesses lead to imperfect absorption (<100%). 

 

Table 4.1. Dimensions of the designed metamaterial absorber 

d (μm) di (μm) wr (μm) wp (μm) h1(μm) t (μm) Sep (μm) 

90 20 4 19 120 0.4 11, 14, 17  

 

4-3. Absorption Process and Dynamic Circuit Model 

The details of the general dynamic circuit model of metamaterial absorber have been 

reported in our previous work [38]. Here, we briefly explain the model and the underlying 

absorption process based on the interference theory to apply it for detailed calculations of the 
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electric circuit elements. Figure 4.2a shows the electric field and current density of the absorber at 

resonance frequency of 0.476 THz where the incident polarization angle is 0°.  

 
Fig. 4.2. Electric fields, currents, absorption mechanism, and circuit models of 

metamaterial absorber. a. Electric field and current density on FSS and backplane 

of absorber at 0.476 THz with 0° incident polarization. White and black arrows on 

FSS and backplane have added to indicate to currents for clarity. b. Schematic 

illustration of absorption process based on interference theory. c. Electric model of 

the metamaterial absorbers for the perfect absorption case (100%). d. Realistic 

model of metamaterial absorbers by considering the effect of dielectric spacer to 

achieve perfect (≈100%) or imperfect absorption (<100%). 

 

 

When the electromagnetic wave illuminates the absorber, FSS is first excited. The FSS 

primarily selects the absorption resonance frequency dependent upon its configuration. An electric 

dipole at a given resonance frequency is created on the FSS with corresponding oscillating current 

density which has been shown by white arrows (J) in Fig. 4.2a for clarity. This excited dipole 

partially reflects and transmits the incident   electromagnetic wave, and thereafter induces a dipole 

on the metal backplane with corresponding oscillating current density shown by red arrows (Ji) in 

Fig. 4.2a. Obviously, J and Ji will be in opposite directions. Figure 4.2b depicts schematically these 
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dipoles in which the excited dipole on FSS is shown by PFSS and the induced one by PInduced. The 

reflected wave out of the PInduced will go under multiple reflections inside the cavity made by FSS 

and backplane. If the thickness and permittivity of the dielectric spacer inside the cavity are chosen 

properly then the resonance frequency of the cavity and FSS will match, and the resulted 

compounded wave (RInduced) from the induced dipole can be made exactly out of phase with that 

of the excited dipole (RFSS), thus leading to a zero reflection (100% absorption) at the resonance 

frequency. 

Since the absorption spectrum of the metamaterial perfect absorber mimics a Lorentzian 

line-shape [38], it can be modeled by a band-pass circuit shown in Fig. 4.2c in which the squared 

magnitude of VO/Vi also follows a Lorentzian distribution. At resonance frequency, LC will get 

short-circuit and the model will result in 100% absorption. However, this model works only for 

the perfect absorption case (100%), as it does not consider the effect of the dielectric spacer cavity 

that can change the frequency and the peak of absorption. The dynamic circuit model, which can 

imitate both perfect and imperfect absorption cases, has been illustrated in Fig. 4.2d. Indeed, in 

order to take into account the dynamics of the resonance inside the cavity, a circuit loop consisted 

of LP, CP, and RP, representing the dielectric medium, is integrated between LC and R. In this 

model, L shows the self-inductance of FSS, C stands for the capacitance between excited electric 

poles on FSS, and R represents the resistance of FSS and backplane, whereas LP and CP represent 

the mutual inductance and capacitance between FSS and backplane and RP determines a loss due 

to the non-zero reflection. This circuit includes two resonances: LC which is associated with FSS, 

and LPCP which is related to the cavity. The resonance is dominantly specified by LC. When LC 

and LPCP resonances match, RP will get short-circuit and perfect (100%) absorption will be 

obtained. As a matter of fact in this case, the loop currents of IFSS and IIn will be equal but in 
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opposite directions resulting in zero current in RP and thus zero reflection and perfect (100%) 

absorption. Contrarily, if two resonances are not identical, the loop currents will be no longer equal 

and the current passing through RP will be non-zero, and therefore the frequency and peak of 

absorption will slightly deviate from the perfect case. If we view currents IFSS and IIn, respectively 

as the reflected waves of the FSS and backplane, in the case of an imperfect absorption (<100%) 

some incident power will be dissipated as the reflection in RP. 

 

4-4. FSS Model and Polarization Insensitivity 

The FSS model of this absorber has been also reported in our previous work, and the 

polarization independent response of the absorber has been discussed qualitatively [40]. However, 

here we give a brief explanation for this model in order to apply our hybrid approach on it, and 

thereby we quantitatively verify the polarization insensitivity of the absorber. Figures 4.3a, and b 

show the electric field and current density distribution on FSS, respectively under 0° incident 

polarization. Figure 4.3c demonstrates the electric filed with current density of backplane at the 

same polarization angle, and Fig. 4.3d is a demonstration of electric model of FSS at the same 

polarization. Correspondingly, the electric field and current density of FSS and backplane and the 

electric model of FSS have been depicted for incident polarization angle of 20° in Figs. 4.3e-h, 

and of 45° in Figs. 4.3i-l. Dependent upon the incident polarization angle, a variation is observed 

in the distribution of poles on FSS, and the corresponding poles on metal backplane. For clarity, 

we have used red closed lines to imply the effective excited poles on FSS in Figs. 4.3a, b, e, f, i, 

and j and black arrows to indicate the direction of currents in Figs. 4.3b, c, f, g, j, and k. 
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Fig. 4.3. Interpretation of polarization independent response of absorber by 

electric poles, currents and circuit FSS models.  Electric field and current density 

profiles on FSS, backplane and the corresponding electric model for 0° (a-d), 20° 

(e-h), and 45° (i-l) incident polarizations. Black arrows indicate to current 

directions on FSS and backplane added for clarity. Red Closed curves are added to 

indicate to the effective dipoles created on FSS. 
 

 

When a current passes through a rectangular metallic bar in FSS, it creates a self-inductance 

in that bar.  If we assume that the inductance is approximately proportional to the length of the bar, 

the FSS can be modeled as Figs. 4.3d, h, and l for associated polarizations. In these models, Li, 

(i=1,2,3) represents the inductance of different bars of FSS. Dependent on the length of bars and 

proportionality of inductance to the length, their inductances will be approximately related to each 

other according to L1 ≈ 0.5L2 ≈ 0.25L3. The equivalent inductance of FSS for each polarization 

can be summarized as in table 4.2. It is observable that the L0> L20> L45 is stablished between 

inductances which is due to the reduction in the length of current paths as the polarization angle is 

rotated from 0° to 45°, leading to a reduced inductance. 
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Table 4.2. Equivalent inductance and capacitance of FSS 

 0° 20° 45° 

L L0 ≈ 1.5L3 L20 ≈ 0.875L3 L45 ≈ 0.625L3 

C C0 C20 C45 

 

Contrarily, the origin of the capacitances in FSS at different polarizations is quite subtle. 

In fact, those capacitances stem from the energy stored between the poles created on FSS such that 

the distribution of those poles at different polarizations changes the associated capacitance C in 

the model.  From the comparison of distributions of the poles for 0°, and 20° in Fig. 4.3, it is 

observable that increasing the angle of polarization leads to an increase in the effective interaction 

area of poles, while the effective distance between them (red arrows in Figs. 4.3b and f) decreases. 

At 45°, the effect is so obvious that the corresponding capacitance stems from the gaps between 

legs (labeled V and H), which is the smallest possible distance between the poles (red arrows in 

Fig. 4.3j). Thus, the capacitance C45 should be larger than C20, and both should be larger than C0, 

or in other words C45> C20> C0. Therefore, any aforementioned drop in inductance L will be 

relatively compensated by a rise in capacitance C at different incident polarizations such that the 

resonance frequency fres = 1/2π√LC, will be preserved at all polarizations owing to the symmetry 

of structure. We will use this model and hybrid approach to quantitatively verify polarization 

independent response of the absorber. 

 

4-5. Determining Model Elements 

4-5-1. Self-inductance (L), Capacitance (C), and Resistance (R) 

Inductance L and capacitance C of the model are considered as self-inductance, and 

capacitance of FSS. The self-inductance, L (nH), of a metal rectangular bar containing the 

resonating current at different polarization can be calculated by [41-43] 
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                Eq. 4.1  

where l is the length in cm, w and t is width and thickness of metal, respectively. The capacitance 

C of FSS is the capacitance between two charge distributions on top and bottom parts of the FSS. 

However, calculating the capacitance C directly from FSS geometry is not straightforward, 

particularly in different polarization angles. Instead the capacitance C can be calculated through 

fres=1/2π√LC where fres is the resonance frequency of perfect absorption case (100%) and L is 

obtained from the calculation described above.  

The value of resistance R relative to the total impedance of circuit, determines the amount 

of absorption, as well as the bandwidth of frequency response. Since Cu has a much larger 

conductivity and imaginary part of refractive index than polyimide, the majority of THz radiation 

will be absorbed by FSS and metal backplane as an oscillating electric current. Therefore, R should 

be approximately equal to the resistance of FSS and metal backplane in the realistic model (Fig. 

4.2d). The resistance of FSS can be calculated through R=ρl/A where ρ and l are Cu resistivity and 

the length of FSS rectangular bars which contain resonating currents, respectively, and A is the 

effective cross-sectional area of those bars by considering the skin depth effect. It is worthy to 

mention that the resistance of FSS should be doubled since there exist two current flows in FSS, 

one associated with LC resonance of FSS and another with LpCp resonance inside polyimide. The 

first current in FSS comes from the coupling of incident electric filed directly to FSS which creates 

a current on front side of FSS which faces air. The second current in FSS is due to the resonance 

inside polyimide (between backplane and FSS) which excites current on the back side of FSS 

facing polyimide. In contrast to FSS, calculation of the resistance associated with metal back plane 

is not straightforward, as the current is distributed on its surface such that the effective cross-
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sectional area is hardly determined. However, another method to estimate the value of R is to use 

the model of the perfect absorption case shown in Fig. 4.2c. The squared magnitude of transfer 

function for this model can be obtained through 
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                                 Eq. 4.2 

where ω is the angular frequency. In this equation L and C are already determined and the only 

unknown R can be uniquely determined by fitting the absorption spectrum of the absorber to Eq. 

(2). We will show that this two methods of evaluation of R result in good agreement. The value of 

R obtained by fitting this model or by aforementioned calculation will be used as an estimation in 

determining R in the realistic model. This estimated value will be actually utilized to confine R 

between up and low limits while fitting the realistic model (Fig. 4.2d) to the absorber frequency 

response. 

 

4-5-2. Mutual Inductance (LP), Capacitance (CP), and Resistance (RP) 

To quantify CP, LP, and RP, their origin in the absorber should be first enlightened. In 

contrast to C which comes from the capacitance between the poles on FSS, CP originates from the 

capacitance between those poles on FSS and their corresponding induced ones on metal backplane. 

Figure 4.4 demonstrates the mutual capacitances, CP, between FSS and metal backplane for three 

different polarization angles of 0°, 20°, and 45°. In this figure, the effective poles on FSS are 

shown with red closed lines and the related bars are highlighted with red. The capacitance CP is 

depicted by blue capacitance symbols with values of CP/2. Any rectangular bar on FSS in 

conjunction with the metal backplane and polyimide between them is considered as a microstrip 

waveguide. 
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Fig. 4.4. Schematic illustration of mutual capacitance between FSS and 

backplane. a. 0°, b. 20°, and c. 45° incident polarization. Ci, i= 1, 2, and 3 are the 

capacitances between the metal bars and backplane as microstrip waveguides and 

CP is the total equivalent capacitance between FSS and backplane, and d. side view 

illustration of a microstrip waveguide composed of a metal bar, backplane, and 

polyimide between them.  

 

 

By this assumption, Cp can be obtained by calculating the capacitance of the microstrip 

waveguides associated with poles on FSS (red bars in Fig. 4.4). These microstrip capacitances are 

labeled as C1, C2, and C3 in Fig. 4.4 for different polarizations. A side view of one of these 

microstrips is shown in Fig. 4.4d. For this microstrip waveguide the capacitance per unit length 

between the strip and ground plane can be obtained by [44] 
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where Ԑr is polyimide permittivity in our calculations, W is polyimide thickness, and T is the metal 

thickness. Since all capacitances Ci, i=1, 2, 3 are parallel to each other CP will be equal to their 

summation in each polarization. 

 
Fig. 4.5. Schematic illustration of currents in FSS and backplane in 0 ˚ 

polarization to interpret LP changes. a. Schematic illustration of the absorber 

under 0° polarization with corresponding currents on FSS (blue arrows called IFSS) 

and backplane (green arrows called IIn). The created and induced dipoles are 

displayed by using red closed lines and b. Schematic representation of mutual 

inductance created between FSS and backplane. LP originates from the surfaces S 

(enclosed with dotted lines) where the incident magnetic field is perpendicular to 

those.  

 

Another mutual parameter needs to be specified is LP. The origin of LP is similar to fishnet 

or paired nano-rod metamaterials where the magnetic response comes from antiparallel currents 

of parallel metal rods with incident magnetic field perpendicular to the surface between them [45, 

46]. To visualize the mutual magnetic response in our absorber, a schematic representation of the 

absorber under 0° polarization has been shown in Fig. 4.5. Figure 4.5a shows the created and 

induced dipoles on FSS and backplane enclosed by red lines where the associated metal strips are 

highlighted in red on FSS. The created and induced currents on FSS and backplane are 

demonstrated by blue (IFSS) and green arrows (IIn), respectively. Figure 4.5b illustrates 
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schematically where the mutual magnetic response comes from. Again in this figure created and 

induced currents on FSS and backplane are seen with corresponding colors and the magnetic field 

between FSS and backplane is demonstrated by red arrows (H). Like fishnet metamaterial, we 

believe that the incident magnetic field (H) couples to surfaces S enclosed by dotted lines where 

there exit antiparallel currents on FSS and backplane. The resultant magnetic flux created in any 

surface S mutually couples to each other and the one of adjacent unit cell leading to mutual LP 

between them. However, since the current distribution on backplane is sparse and the magnetic 

field (H) is not evenly distributed between FSS and backplane, particularly in different polarization 

angles (confirmed by simulation), LP can hardly be determined by direct calculation. To determine 

this mutual inductance in different polarization angles, we take the advantage of the model in two 

different cases of perfect (100%) and imperfect (<100%) absorption. In perfect case, the resonance 

frequency of LPCP matches with that of LC which is equal to the absorption resonance frequency. 

As we already calculated the value of CP, the inductance LP can be determined by fres = 1/2π√LPCP 

where fres is the resonance frequency of perfect absorption case. In imperfect case, the value of LP 

is determined by using the realistic model of the absorber depicted in Fig. 4.2d. The squared 

magnitude of frequency response of this model is driven as 
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The three unknown variables in this equation LP, RP, and R can be uniquely evaluated by 

fitting Eq. (4) to simulated absorption spectrum of the absorber. It is noted that we already 

obtained an estimation for the value of R by using the calculation or the model of perfect 

absorption case. Thus in determining the value of RP through fitting the realistic model, we 
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confine R between high and low limits around its estimated value. Following flowchart 

summarizes the algorithm to drive the values of elements of electric model of the absorber. 

 
Fig. 4.6. Flowchart representing the hybrid approach for determining the 

model elements. 

 

 

4-6. Results and discussion 

Table 4.3 summarizes the values of the model elements for absorber under normal 

incidence at 0° polarization for three different polyimide thicknesses of 11 μm, 14 μm, and 17 

μm. Polyimide with 14 μm thickness gives rise to almost perfect (99.96%) absorption at 0.476 

THz. Figure 4.7 shows the simulated data of the absorber (square dots) together with the model 

response (solid graphs) based on the values in table 4.3. A closely perfect fitting between the 

simulated data and the response of the model is observable from the figure. Figure 4.7a compares 

the fitted absorption spectrum for polyimide thickness of 11 μm (red) and 14 μm (black), while 

Fig. 4.7b is a comparison of 17 μm (blue) and 14 μm (black) polyimide thicknesses.  
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Table 4.3. Evaluated parameters of the absorbers by using the hybrid 

method at 0° polarization 

Absorber 

sep (µm) 

Peak 

Frequency 

(THz) 

2πC 

(fF) 

2πCP 

(fF) 

R 

(Ω) 

RP 

(Ω) 

2πL 

(pH) 

2πLP 

(pH) 

11 0.4740 6.47  18.08 16.6 15.4 683.00 250.00 

14 0.4760 6.47 16.69 20.0 70.0 683.00 264.50 

17 0.4755 6.47 15.72 16.6 0.4 683.00 297.60  

 

 
Fig. 4.7. Fitting of the response of model to the absorption spectrum of 

metamaterial absorber. a. Simulated data of absorber with 14 μm (black dots) and 

11 μm (red dots) polyimide thicknesses and their corresponding model responses 

with black and red solid graphs, respectively and b. Simulated data of absorber with 

14 μm (black dots) and 17 μm (blue dots) polyimide thicknesses and their 

corresponding model responses with black and blue solid graphs, respectively. 

 

 

As the FSS geometry and the polarization angle are same, the values of C and L show no 

change in table 4.3 for all polyimide thicknesses. In contrast, by deviating polyimide thickness 

from the perfect case, the values of LP and CP will undergo a change. The value of CP for sep = 11 

μm is larger than 14 μm and both are larger than 17 μm. Since CP is the capacitance of microstrip 

waveguides, by increasing the space between metal plates the associated capacitance will decrease 

similar to a parallel plate capacitor. However, LP increases when polyimide thickness gets larger. 

According to the origin of mutual inductance LP which comes from the magnetic coupling between 

surfaces S, any increase in polyimide thickness will increase the area S while the distance between 

surfaces S are fixed. Like a solenoid with N rings, where its mutual inductance is equal to Lrr = 
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μN2S/d with S as the area of rings, d as the distance between them, and μ as the permeability, 

larger polyimide thickness results in a larger S and therefore increase in the value of LP.  

RP goes under reduction in both cases of 11μm, and 17 μm relative to 14 μm. When 

polyimide thickness is 14 μm (perfect absorption) loop currents IIn and IFSS in Fig. 4.2d at 

resonance frequency will be equal but in opposite directions leading to zero series impedance 

(ZLpCp) of LP and CP and therefore zero current in RP. In contrast, at both imperfect cases of 11 and 

17 μm, the value of RP decreases, and on the other hand the series impedance (ZLpCp) of LP and CP 

increases. This will make the currents IIn and IFSS unequal and therefore a current will flow through 

RP. This non-zero current flowing through RP is associated with non-zero reflection at resonance 

frequency resulting in imperfect absorption when the polyimide thickness is deviated from that of 

the perfect case.  

The determined values of R in Table 3 are in almost a close agreement with estimated 

values by using calculation and perfect model (Fig. 4.2c). The calculated value of R (R ≈ 2×RFSS) 

and the estimated value by fitting the perfect model turned out 13.5 Ω and 14.6 Ω, respectively. 

These values are less than the value found by realistic model. We believe that this difference is 

due to the absorption of the backplane which is not considered in calculation of R (R ≈ 2×RFSS) 

and might not be accounted in the perfect model. Moreover, a slight reduction of values of R in 

Table 3 for both imperfect cases of 11 and 17 μm compared to perfect case of 14 μm is also 

observed. Since in imperfect absorption the LPCP resonance deviates from the resonance frequency 

of the perfect absorber (0.476 THz), the contribution of metal backplane and the back side of FSS 

in absorption process is diminished which becomes apparent in the reduced values of R in the 

model.    
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Table 4 summarizes the determined values of perfect absorber with 14 μm polyimide 

thickness but in three different polarizations. The parameters in Table 4 have been obtained by 

using the hybrid approach and by considering the electric current paths shown in Fig. 4.3, which 

interprets the polarization insensitivity of the absorber. According to the interpretation, the length 

of current path between poles on FSS decreases as the polarization angle goes up from 0° to 45° 

which leads to reduction in the value of L. Meantime, the capacitance C between poles on FSS 

rises to maintain the resonance frequency at a fixed value. The values of L and C in Table 4 for 

three different polarizations are consistent with this behavior. Additionally, we observe that the 

value of R is reduced by increasing the polarization angle. A drop in values of R also stems from 

a decrease in the length of current path on FSS when the incident polarization angle increases.  

 

Table 4.4. Evaluated parameters of perfect absorber by using the hybrid 

approach of the realistic model at three different polarizations 

Polarization  

Angle  

2πC  

(fF)  

2πCP 

(fF)  

R  

(Ω)  

RP 

(Ω)  

2πL  

(pH)  

2πLP 

(pH)  

0°  6.47  16.69  20.0 70.0  683.00  264.50  

20°  7.22  17.98  18.6  65.7  611.50  245.50  

45°  13.67  22.10  11.4  61.0  323.10  199.70  
In all sep = 14 μm.  

 

The mutual capacitance CP between FSS and backplane which is directly calculated by 

considering microstrip waveguides gets larger in the course of polarization changing from 0° to 

45°. Indeed, when the polarization angle goes from 0° to 45°, the effective area of poles increases 

(from Fig. 4.3) while their distance (14 μm) remains fixed which leads to larger capacitance CP 

similar to a parallel plate capacitor. Contrarily, by increasing the polarization angle, the values of 

mutual inductance LP drops.  
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Fig. 4.8. Front view illustration of magnetic field vectors inside polyimide at 

resonance frequency. a. and b. absorber with polyimide thickness of 14 μm is 

excited by the incident polarization of 0° and 45° respectively. Blue lines labeled S 

indicate to the areas that exhibit magnetic response and connected dots labeled LP 

shows the possible mutual surfaces that can couple to each other. 

 

 

Figure 4.8 shows the magnetic field vector between polyimide and backplane at resonance 

frequency for 0° (Fig. 4.8a) and 45° (Fig. 4.8b) polarizations from a front view obtained by 

simulation. In this figure blue lines with label S indicate to the effective areas of surfaces 

responsible for magnetic response (LP) and the lines connecting dots with label LP imply the 

surfaces which may mutually couple to each other. As illustrated in the figure, when we move 

from 0° to 45° the effective area of mutually coupled surfaces S eventually reduces by half such 

that in 45° two surfaces S that contribute in creating mutual inductance LP less interact with each 

other, whereas in 0° polarization a larger surface S couples to parallel surfaces S of the same unit 

cell and that of adjacent unit cell. Thus, LP should decrease as the polarization angle changes from 

0° to 45°. 

 

4-7. Conclusion 

We presented a hybrid approach for the dynamic circuit model of metamaterial absorber to 

evaluate the components of the circuit model. The method is on the basis of calculations, fitting, 
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and the absorption mechanism interpreted by the model. We studied in more detail the effect of 

the absorber’s dimensions on the effective parameters of the model both qualitatively and 

quantitatively. Based on the proposed FSS circuit models and the evaluated parameters in different 

polarizations, we explain well the polarization insensitivity of our designed absorber. The model 

with the associated hybrid approach is applicable for any metamaterial absorber with an arbitrary 

FSS design. 
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CHAPTER 5 

POLARIZATION-DEPENDENT, FREQUENCY-SELECTIVE THZ 

STEREOMETAMATERIAL PERFECT ABSORBER4  

 

We present design, fabrication and characterization of the first THz stereometamaterial 

perfect absorber devices. Stereometamaterials consist of a three dimensional lattice of meta-

atoms, which exhibits distinct optical properties depending on the spatial arrangement of the 

meta-atoms in the unit cell. Integrated into a perfect absorber structure, the absorption and 

reflection properties of such devices at resonant frequencies revealed unique characteristics that 

can be controlled by the polarization of the incident wave. Due to the break in reflection symmetry, 

such devices act as polarization dependent passive switches, with the frequency response of a 

single band or a dual band absorber. The observed behavior is interpreted in terms of dipole-dipole 

interaction between the dipoles of the meta-atoms and their mirror images with respect to the metal 

back plane. 

 

5-1. Introduction 

Inspired by Veselago’s theoretical predictions [1] and Pendry’s pioneering experimental 

work,[2 and 3] research in metamaterials has flourished in the field of photonics. Metamaterials, 

designed to render desired optical properties, are realized by assembling subwavelength unit cells 

                                                 
4 This chapter is a published work of the author of this dissertation: Hokmabadi, Mohammad Parvinnezhad, et al. "Polarization-dependent, 

frequency-selective THz stereometamaterial perfect absorber." Physical Review Applied 1.4 (2014): 044003. 
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called meta-atoms [4-7] which have been developed in various types, such as spiral,[8] fishnet [9], 

labyrinth [10], and electric field coupled (ELC) [11] resonators, and could lead to various 

applications such as image compression [12], superlenses [13], cloaking [14], and black holes [15]. 

Among them, terahertz (THz) metamaterial perfect absorbers have recently attracted a great 

amount of attention because of their potential application as sensors and detectors operating at 

THz frequencies [16]. Terahertz waves, spanning from 0.1 THz to 10 THz, have not been fully 

utilized mainly due to the lack of high performance sources, detectors, and availability of other 

optical components, but are considered one of the most intriguing EM waves that can be used from 

fundamental physical sciences to biomedical imaging [17-23].  

THz metamaterials perfect absorbers consist of a periodic frequency selective surface 

(FSS), a dielectric spacer and metal backplane. Since their first demonstration [16]. these devices 

have been rapidly developed to exhibit multiple different functionalities such as polarization 

independence [24 and 25], multiband [26 and 27], and broadband response, which are desirable 

properties for many different sensors and detectors [28-30]. In addition, there has been a strong 

driving force to study asymmetric metamaterials and their frequency response properties to 

achieve customized functionalities like negative refractive index in chiral materials [31-33], and 

circular polarization rotation in helical metamaterials [34-36]. The asymmetric properties of such 

metamaterials originate not only from the asymmetry within the individual meta-atoms, but also 

from the asymmetric spatial arrangement of the meta-atoms with respect to one another and their 

collective interactions, similar to what is found in natural materials.  

First introduced by N. Liu, stereometamaterials are composed of the same meta-atoms but 

artificially laid out with different spatial arrangements, similar to stereoisomers which have the 

same chemical formula but different configurations of atoms within, resulting in distinct frequency 
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response and unique properties [37]. However, fundamental understanding has been limited, with 

investigations limited to the transmission response of SRRs in which a break in symmetry is 

accomplished with different coupling angles of the resonator gaps.  

In this work, we present the first demonstration of a THz stereometamaterial perfect 

absorber device that reveals distinct absorption and reflection properties at resonant frequencies 

selected by the polarization of the incident wave. Our device is composed of two non-concentric 

copper (Cu) rings tightly coupled to each other via a thin polyimide layer and acting as the meta-

atoms of the stereometamaterial FSS, placed on a polyimide spacer layer and on a Cu backplane. 

Our hypothesis is that, when the stereometamaterial FSS is placed within subwavelength 

proximity of the conducting plane, one can expect to observe an asymmetric frequency response 

because of the break in the reflection symmetry that results from the meta-atoms interacting with 

their mirror images with respect to the metal plane. We demonstrate that our THz device has a 

rotationally asymmetric absorption behavior despite rotational symmetry of meta-atoms, such that 

it can work as a single band or a dual band absorber, as a polarization dependent passive absorption 

switch, or a frequency selective polarizing absorber. Furthermore, we gain fundamental 

understanding into this asymmetric frequency response by developing a physical interpretation 

based on the coupling of electric and magnetic dipoles on FSS and their mirror images with respect 

to the metal backplane. 

 

5-2. Design, Fabrication, and Measurement  

Figure 5.1 illustrates the structure of the device studied here. Figs. 5.1a and b show the 

three dimensional schematics of a stereometamaterial absorber under 0° and 90° incident 

polarization,  and (c) and (d) are front and side view illustrations of the device, respectively.  Finite 
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element method (FEM) simulation was first used to help design the device, including determining 

the expected electromagnetic response as a function of the device geometry or spatial arrangement 

by utilizing COMSOL Multiphysics.  

 
Fig. 5.1. Schematic illustration of the stereometamaterial absorber. a and b. 

illustrate three dimensional schematics of the strereometamaterial absorber under 0° 

and 90° incident polarization, respectively, c. Front view illustration of the FSS, and 

d. side view illustration of the stereometamaterial absorber.  

 

 

In simulation, periodic condition for side boundaries and scattering condition for front and 

back boundaries of the unit cell were considered. A continuous plane wave source illuminated the 

unit cell at a normal incident angle. Total triangular and tetrahedral mesh elements used in each 

simulation were 327710. Since there is no transmission through the Cu backplane of the structure, 

absorption was calculated by A = 1 – R, where A is the absorption and R is the reflection from the 

structure. We have used Cu conductivity of 6 × 107(
𝑆

𝑚
) and polyimide conductivity and 

permittivity of 6.67 × 10−16(
𝑆

𝑚
) and 3.15 + j0.1 respectively. Two individual 
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ring/polyimide/backplane absorbers were first designed to exhibit near perfect absorption at 0.750 

THz and 0.810 THz by slightly modifying the ring dimensions. Simulation yields values of 39 μm 

and 42 μm for the inner (R1in) and outer (R1out) radii, respectively, where an 11.55 μm polyimide 

total thickness (Sep + Lon + t) was obtained for the absorber with the resonance at 0.750 THz. To 

exhibit perfect absorption at 0.810 THz, an inner (R2in) and outer (R2out) radii for the other single 

ring absorber was found to be 33 μm and 36 μm, respectively, with a 9.6 μm thick polyimide 

spacer (Sep). The Cu thickness (t) was maintained at 200 nm in all simulations. 

The fundamental design of our stereometamaterial absorber consisted of combining these 

two single ring absorbers in the manner shown in Fig. 5.1, where Lon and Lat are the center-to-

center distances between two rings in the z (longitudinal) and y (lateral) directions, respectively. 

In the first iteration of this design, Lon was set equal to 1.75 μm. However, to gain better 

understanding of the impact of various spatial arrangement configurations on the 

stereometamaterial absorption behavior, Lat was swept from 0 μm up to 16 μm under different 

incident field polarization angles. The dimensions of the structure and simulation conditions are 

summarized in table 5.1.  

Table 5.1. Dimensions (µm) associated with the stereometamaterial absorber.  

R1in R1out R2in R2out Lon t Sep d Lat1 

39 42 33 36 1.75 0.2 9.6 104 0-16 

1After sweeping Lat, the value 12 μm was chosen to illustrate the discussion in this paper. 

Changing Lat together with incident polarization angle alters the symmetry of the 

structure, which leads to unique near field coupling schemes among the meta-atoms (rings) and 

their images on the backplane, and thus extraordinary absorption spectra of the stereometamaterial 

absorber when in different configurations. Fig. 5.2 shows the strength of the absorption as a 

function of frequency and Lat for 0° and 90° incident polarization angles.  
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Fig. 5.2. Absorption spectrum versus frequency and lateral distance (Lat) 

between rings. a. 0° and b. 90° incident polarizations. White lines indicate to the 

Lat chosen for the switch discussed in the rest of in this paper. 

 

 

When Lat is zero, the absorber is symmetric with respect to the polarization angle and 

therefore the response will be identical for all polarizations. Similar cases have been reported in 

detail [38]. However, increasing Lat leads to a very different behavior of the absorption spectra 

for the 0o and 90o polarizations. By increasing Lat from 0 to 8 μm, by contrast to the 0° 

configuration, a second strong absorption peak appears in the 90° polarization case, which results 

in a broadband absorption. Above 8 μm, the frequency response of the absorber changes for both 

polarizations but in opposite manner: the resonance blue shifts in the 0° case while it red shifts in 

the 90° configuration. This characteristic makes such a structure applicable as a polarization 

dependent stereometamaterial reflection/absorption switch when Lat is between 10 μm and 16 μm. 

For the rest of the discussion, Lat is fixed equal to 12 μm, which is depicted with a white line in 

Fig. 5.2. In this case, the device switches its resonance between 0.725 THz and 0.790 THz by 

rotating around the z axis. 

Fabrication of the designed device was done by using standard lift-off photolithography. 

The Cu backplane and rings were deposited by electron beam evaporation with the rings patterned 

by standard photolithography. The polyimide spacer layer and the polyimide layer between the 
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rings were deposited by spin coating to achieve the desired thicknesses. The polyimide was baked 

in nitrogen at 350°C for an hour to ensure complete curing. For measurement, the reflectivity of 

the arrays was measured by reflection mode THz time domain spectroscopy under clean dry air 

purge at normal incidence. Broad band THz radiation (0.3 to 3.0 THz) was generated by a high 

voltage biased photoconductive antenna pumped by a 775 nm ultrafast Ti:S laser with 76 MHz 

repetition rate. An electro-optic sampling scheme was used for time-domain signal detection using 

ZnTe crystal. An optical delay line was utilized to vary the timing of the detection pulse. In order 

to measure the sample response under different polarization angles, the sample was rotated with 

respect to the normal axis [39 and 40]. 

 

5-3. Results and Discussion  

Figures 5.3a and b show the simulated and measured absorption spectra of the device for 

various polarization angles. As shown, the resonance frequency switches from 0.725 THz to 

0.790 THz gradually when the polarization angle decreases from 90° to 0°, which is indicated by 

two vertical arrows in Fig. 5.3a. Figure 5.3c shows that the experimental and simulation 

absorption results are in good agreement. At 45°, however, the two separate resonances were not 

well resolved compared to the simulation results. This is mainly due to the limitation of the 

system resolution which is coarser than 50GHz, and effect of a Fast Fourier Transform (FFT). In 

addition, it might originate from a broadening of absorption spectra in experiment compared to 

simulation due to slightly different Cu conductivity and polyimide loss of a fabricated sample 

which is not considered in simulation.  
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Fig. 5.3. Comparison between simulation and experiment results. a. Simulated 

absorption spectra for different polarizations (red-90°, green-67°, pink-50°, blue-

45°, and black-0°), b. experimentally measured absorption versus frequency and 

rotation angle of the sample, c. comparison between measurement (dashed lines) 

and simulation (solid lines) results for different polarization angles, and d. 

comparison of the absorption spectra between single ring absorbers (dashed curves) 

and stereometamaterial absorber in 0° and 90° polarizations (solid curves).   

 

 

The effect of this broadening should be much observable when there exist two excited 

resonances close to each other as shown in 45° polarization, such that sidebands of two excited 

resonances overlap each other and eliminate the contrast between them.    Figure 5.3d compares 

the simulated spectra of the single ring absorbers and those of the stereometamaterial absorber at 

0° and 90° polarization angles, showing that the resonances of the stereometamaterial absorber 

at 0° and 90° are associated with the back and front rings, respectively; and are also both red-

shifted from the resonances of individual rings.      

(c) 
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Fig. 5.4. Electric field and current density distributions in 90° polarization at 

0.725 THz. Electric field and current density (x component) distributions on front 

ring (a, and b), back ring (c and d), and metal backplane (e and f) in 90° polarization 

at 0.725 THz. (g) is a side view of the electric field profile in the stereometamaterial 

absorber in 90° polarization at 0.725 THz.  

 

 

To better understand what the physical origins of these observed phenomena are and the 

function of the stereometamaterial absorber device, we have analyzed the electric fields and 

current densities at various polarization angles. Figures 5.4a-f show the electric field and current 

density (x component) distributions on the front ring, back ring and metal backplane at 0.725 

THz, corresponding to the resonance at 90° polarization. Black arrows have been added in the 

current density (J) illustrations (Figs. 5.4b-f) to show the currents direction for clarity. The 

emergence of an electric dipole on the front ring (Fig. 5.4a) indicates that this resonance 

originates from the front ring. The corresponding current associated with this dipole (Fig. 5.4b) 

is in the opposite direction to that in the backplane (Fig. 5.4f). 
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In addition to the front ring dipole, another dipole is observed on the back ring in which 

the upper pole is stronger than the pole in the down side (Fig. 5.4c). We call the dipole on front 

ring as FR dipole and the one on back ring as BR dipole for clarity. Figure 5.4g is a side view of 

the electric fields in the structure and clearly shows the two poles of BR dipole indicated by the 

black arrows 2 and 4.  The origin of BR dipole, which generates a current (Fig. 5.4d) parallel to 

that of the front ring, is more subtle. Since the electric dipole moments on both rings are oriented 

in the same direction, the creation of BR dipole is not due to direct induction from the front ring. 

Furthermore, BR dipole was still observed in simulations with a larger lattice constant (d = 150 

μm), i.e. unit cell implying that this dipole does not originate from the interaction between rings 

in adjacent unit cells either. This is in stark contrast with our previous observation of anti-parallel 

dipole moments when two rings were concentric (Lat = 0). We therefore believe that BR dipole 

arises from induction effects of currents in the backplane. As schematically illustrated in Fig. 

5.4g, the upper pole of the front ring induces opposite charges (image pole) on the backplane 

(indicated with arrow 1), which then induces the upper pole on the back ring (indicated with 

arrow 2). By contrast, although the lower pole of the front ring induces an image pole on the 

backplane (indicated with arrow 3), the lower semicircle of the back ring is farther from that 

image pole because of the rotational asymmetry of the back ring with respect to the center of the 

unit cell. Therefore, the bottom pole is less strong than the upper one in the back ring (indicated 

with arrow 4).  

Under the 0° incident polarization configuration, when the resonance frequency switched 

to 0.790 THz, the electric field and current density distributions are shown in Figs. 5.5a-g, in 

which the y- components of the electric currents are illustrated. Since this resonance occurs at a 

higher frequency than for the 90° polarization, it should arise from the smaller (i.e. back) ring. 
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Fig. 5.5. Electric field and current density distributions in 0° polarization at 

0.790 THz. Electric filed and y- component of current density on front ring (a and 

b), back ring (c and d), and metal backplane (e and f) in 0° polarization at 0.790 

THz. g. is the top view of the electric field profile in stereometamaterial absorber 

in 0° polarization and at 0.790 THz. 

 

 

However, in addition to the electric dipole on the back ring (Fig. 5.5c), another dipole is 

also observed on the front ring with comparable electric field intensity (Fig. 5.5a). This dipole 

comes from the induction effect of the metal backplane: the poles on the back ring induce image 

poles on metal backplane (indicated with arrow 1 in Fig. 5.5g) which in turn induce the poles on 

the front ring (indicated with arrow 2 in Fig. 5.5g). However, unlike the 90° polarization, both 

poles have identically strong intensities in this case, because both semicircles of the front ring 

have identical distance from the corresponding image poles. 

The absorption process can be explained on the basis of the excited effective electric 

dipole associated with the stereometamaterial FSS and its image dipole (“imaged” with respect 
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to the metal backplane), as illustrated in Fig. 5.6a. The excited dipole (PFSS) irradiates a reflected 

wave (RFSS). The image dipole (Pimage) irradiates an electromagnetic wave that undergoes multiple 

reflections inside the cavity formed by the stereometamaterial FSS and backplane. If the thickness 

and refractive index of the spacer are chosen properly, then the resulting compounded wave (RIm) 

from the image dipole can be made exactly out of phase with that of the excited dipole (RFSS), 

thus resulting in a zero reflection (100 % absorption) at the resonance frequency.  

 

Fig. 5.6. Schematic of absorption process and magnetic dipoles interactions. a. 

A schematic cross-section illustration of interaction between the electric dipoles on 

FSS and the metal back plane, leading to the absorption process, and b. the 

frequency level scheme of the coupling between magnetic dipoles resulting in the 

resonance frequency shift. 

 

 

While the interaction between the FSS electric dipole and its image dipole leads to a zero 

reflection, the coupling between the magnetic fields of the rings lead to a red-shift of the 

resonance frequency compared to those of the corresponding single ring absorbers. Although the 

net magnetic moments around the centers of the rings is close to zero due to the currents 

oscillating in opposite directions in the left and right semicircles of the rings, there are strong 

magnetic fields in close proximity to the rings. These magnetic fields will couple to each other in 

regions where the front and back rings are very close. This coupling is illustrated in Figs. 5.4g 
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and 5.5g: the parallel currents in the rings, shown as JF and JB in the figures, lead to centrifugal 

(×) and centripetal (.) magnetic fields in the region between the two rings (shown also as SN 

and NS) as well as magnetic fields parallel to the z axis that couple to one another to lower the 

resonance frequency. Figure 5.6b shows how these magnetic couplings lead to resonance 

frequency red-shift by using the frequency level scheme of two coupled magnetic dipoles [37 and 

41]. While the similar poles of magnetic dipoles repel each other, hence increasing the restoring 

force and leading to frequency blue-shift, the opposite poles of them attract each other, reducing 

the restoring force and hence leading to frequency red-shift which is the case of magnetic fields 

coupling in our device.  

The most interesting phenomenon occurs when the incident polarization angle is 45°. 

Figures 5.7a and c show the electric field profiles on the front ring and back ring at 0.725 THz 

respectively, while Figs. 5.7b and d illustrate the same profiles at 0.790 THz. The reflected 

electric fields at 50 μm away from the absorber device are shown in Figs. 5.7f and g at their 

corresponding resonance frequencies. Although the incident electric field (white arrow E) is at a 

45° angle, the dipole moments depicted by P1 and P2 associated respectively with the 0.725 THz 

and 0.790 THz resonances are nearly vertical and horizontal. Correspondingly, irradiated 

reflected waves out of those moments (Figs. 5.7f and g) possess almost vertical and horizontal 

polarizations. 

The response observed at 45° polarization could potentially be related to the chiral nature 

of the structure under that polarization condition.  Indeed, at first glance, when only considering 

its own geometry, our structure seems achiral.  However, when the polarization of the incident 

THz wave is taken into account, along with the resulting steady-state distribution of charges on 
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the FSS rings and their images due to the metal backplane, the structure can exhibit chirality 

depending on the wave polarization angle.   

 

Fig. 5.7. Near field and far field electric field distribution at 45° polarization 

and schematic illustration of charge distribution and electric forces on rings at 

0° and 45° polarizations. Electric field on front ring (a and b) and back ring (c and 

d) in 45° polarization at 0.725 THz and 0.790 THz respectively with corresponding 

absorption spectrum (e). f and g. are the reflected electric fields in 50 μm away from 

the absorber at indicated resonance frequency respectively.  

 

 

At 0° and 90° incident polarization, the distribution of charges (i.e. the appeared dipoles) 

in the structure can be superimposed with its mirror image by applying a translational followed 
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by a rotational symmetry operation while in the 45° case no combination of such operations 

would bring about a superimposition of the resulted charge distribution and its mirror image. 

Consequently according to mathematical definition of chirality [42], the structure could exhibit 

polarization dependent chirality. Further and thorough study of the polarization dependent 

chirality of these structures will be necessary in the future. 

 

5-4. Conclusion 

In summary, we have studied the characteristics of a stereometamaterial THz absorber 

based on two tightly coupled Cu rings and interpreted the results using dipole-dipole interaction 

phenomena. Depending on the relative positions of the rings with respect to the incident wave 

polarization, the absorber exhibits multifunctional application such as dual band, single band, 

broadband absorption which is useful in dynamically tuning the response of the absorber. 

Accordingly, we have designed, fabricated, and measured such a polarization dependent THz 

stereometamaterial device which switches a narrow absorption band from 0.725 THz to 0.790 

THz by rotating the device relative to the polarization direction from 90° to 0°. The device also 

presents polarizing effect at 45° incident polarization in the reflection mode. 
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CHAPTER 6 

ELECTRONICALLY TUNABLE TERAHERTZ METAMATERIAL ABSORBER BY LIQUID 

CRYSTAL 

 

In this letter, we numerically design and experimentally realize an electronically tunable 

THz perfect metamaterial absorber by integrating a complementary split ring resonator to a metal 

backplane with liquid crystal as the subwavelength spacer in between, By applying a voltage 

between complementary split ring resonator and metal backplane a resonance frequency shift 

about 4.5 GHz at 0.567 THz is obtained while the absorbance and full width at half maximum 

bandwidth maintain at 90% and 0.025 THz, respectively. Simulated absorption spectrum which 

matches perfectly to the experiment demonstrates that the effective isotropic refractive index of 

LC increases from 1.560 to 1.595 by sweeping 1 kHz applied voltage from 0 V to 5 V. 

Additionally, we study the created electric fields inside the spacer to gain a better insight of the 

tunable response of the device. Our structure and study can support designing liquid crystal tunable 

terahertz detectors and sensors for various applications.  

 

6-1. Introduction 

Metamaterials are well-known for their exotic electromagnetic characteristics such as 

negative refractive index, subwavelength imaging, and invisibility cloak that are impossible to 

elicit from natural material [1-5] Perfect metamaterial absorber is one of the metamaterial 

structures that has been recently the subject of growing interest [6-11]. It completely absorbs 
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electromagnetic radiation in a very narrow spectrum which is adjustable by fashioning its 

configuration and dimensions. This exclusive feature of metamaterial absorber is very promising 

in designing low cost, ultrasensitive, and easy-to-use in room-temperature sensors and detectors 

particularly for THz spectrum to fully exploit wide-range potential applications of this 

scientifically rich spectrum [12-16]. Although the response of metamaterials is customized by 

tailoring their dimensions and configurations, in many applications it is highly desired to 

dynamically tune the frequency response of narrowband sensors and detectors. Controlling the 

frequency response of metamaterials have been performed by several approaches e.g. MEMS, 

photo-doping, and temperature [17-22]. Very recently, liquid crystals (LCs) with voltage 

dependent birefringent properties have demonstrated great potential for modulating THz response 

of metamaterials [23-26]. LC tunable THz metamaterial devices were realized by embedding 

metamaterials inside LC cells where metamaterial structure made of noble metal was used as the 

only electrode to apply a bias voltage on LC cell and to align LC molecules in the direction of 

created electric field [27-29]. However, this approach necessitates applying a large voltage to fully 

utilize birefringent characteristic of LCs due to the creation of non-uniform and omnidirectional 

bias electric filed inside LC. To better employ LC birefringent properties, two conductive but THz-

transparent electrodes are required to create a uniform and unidirectional bias electric field [23-

26]. Conventional THz metamaterials made of noble metals not only create non-uniform bias 

electric field but also are highly reflective at their resonance frequencies where the most interesting 

properties of metamaterials come from. In contrast, complementary metamaterials made of noble 

metals, e.g. complementary split ring resonator (CSRR) are highly transparent at resonance 

frequencies and thus are practical as low-cost and easy-to-fabricate THz electrodes. In this work, 

integrating a CSRR into a metal backplane via a subwavelength liquid crystal cell as the spacer, 



110 

 

we numerically design and experimentally realize an electronically tunable terahertz perfect 

metamaterial absorber. Unlike previously reported similar work, no structural supporting layer is 

used between CSRR and backplane in our design and the created bias electric field is uniform [23 

and 26]. We show that while the resonance frequency is tuned by about 4.5 GHz at 0.567 THz 

through varying a 1 kHz applied voltage from 0 V to 5 V, the measured absorbance and full width 

at half maximum (FWHM) bandwidth are preserved at 90% and 0.025 THz, respectively.  

 

6-2. Results and Discussion 

The schematic illustration of the designed device along with its front projection (CSRR) 

are depicted in Figs. 6.1a and b, respectively where all dimensions are in micrometer. The structure 

is basically consisted of three layers; CSRR made of 400 nm Cu on 127 µm polyimide substrate, 

followed by LC film as the spacer, and 400 nm Cu backplane which is made on a 2 mm Si substrate. 

Additionally, two 200 nm polyvinyl alcohol (PVA) layers were spun on Cu backplane and CSRR 

as the rubbing layers for initial alignment of LC molecules. To design the structure, finite element 

method was utilized with periodic conditions for all side boundaries and two ports were applied 

for the front and back boundaries. The structure is illuminated by a continuous THz wave at a 

normal incident angle with polarization along the gap of SRR. In simulation, we used 6×107 S/m 

for Cu conductivity, 1.77 for refractive index of polyimide, and 1.70 for refractive index of PVA. 

An effective refractive index of LC was considered 1.56 for the initial design without applying 

voltage on electrodes.  

To experimentally realize this device, two separate layers are initially fabricated. First a 10 

nm/400 nm Ti / Cu was deposited on 2 mm Si wafer by e-beam evaporation to make backplane 

layer. Then by applying a standard UV-photolithography followed by e-beam evaporation and lift-
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off, a 10 nm/400 nm Ti / Cu was deposited on 127 µm Kapton polyimide substrate to form CSRR 

layer. For each layer, a 200 nm PVA was spin coated on Cu and rubbed to provide a homogenous 

alignment of the LC film with a directional axis initially parallel to the polarization of the incoming 

THz beam.  

 
Fig. 6.1. Schematic demonstration, picture, and optical microscope image of 

liquid LC metamaterial absorber. a. Schematic demonstration of LC 

metamaterial absorber where the incident polarization is normal to absorber and 

polarization is along the gap of CSRR, b. CSRR with all dimensions in micrometer, 

c. picture of assembled sample, d. optical microscopic image of CSRR, e. artistic 

side view of the structure where the applied bias voltage is zero and LC molecules 

are initially aligned in the direction on incoming THz polarization, and f. artistic 

side view of structure when the applied bias voltage is very larger than zero 

resulting in orientation of LC molecules normal to the surface of CSRR and 

backplane. 
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To incorporate LC film between layers, a 25 µm mylar sheet was used as a spacer on top 

of backplane layer. The mylar was cut at a given active area of the device and the gap was filled 

with LC film. Then, CSRR layer which was additionally supported by a thick Teflon film was 

positioned on top of the mylar and eventually the whole layers were assembled together by using 

four clamps. LC material in this device is E7 and the film thickness is 25 µm. Figures 6.1c and d 

are a picture of the assembled sample and an optical microscopic image of CSRR, respectively. 

To characterize the fabricated sample, we used THz time domain spectroscope in reflection mode 

such that the absorption was obtained by A = 1 – R, with R as the reflection. A schematic 

demonstration of initial alignments of LC molecules between two electrodes is illustrated in Fig. 

6.1e where the applied voltage is equal to zero. By increasing the applied voltage, LC molecules 

will be eventually oriented in a direction normal to the surface of the electrodes (Fig. 6.1f). As a 

result, the incident THz field inside the spacer will experience different refractive indices of LC 

dependent upon the applied bias voltage and a change in absorber response is expected to be 

observed.   

Figure 6.2a compares simulated absorption spectrum (red) with the measured spectrum 

(black) where the applied voltage between two electrodes is zero in experiment and the refractive 

index of LC is considered to be 1.56 in simulation. As observed in the figure, there is a good 

matching between simulation and experiment. The measured absorption spectra versus the applied 

voltage with a frequency of 1 kHz is depicted in Fig. 6.2b where the amplitude of applied voltage 

between two electrodes varies from 0 V to 10 V. The applied 1 kHz electric field rotates the LC 

directional axis from a parallel vertical orientation (0 V in Fig. 6.1e) to a perpendicular orientation 

with respect to the electrodes (10 V in Fig. 6.1f).  
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Fig. 6.2. Simulated and measured absorption spectrum of LC metamaterial 

absorber versus applied voltages. a. Comparison between simulated (red) and 

measured (black) absorption spectrum of the LC metamaterial absorber, b. 

measured absorption spectrum versus applied bias voltage from 0 V to 10 V. c. 

measured resonance frequencies versus applied voltage, and d. Isotropic effective 

refractive index of LC versus applied voltage obtained by matching simulation to 

the experiment.    

 

 

This results in a change of the effective refractive index for the extraordinary wave. In 

other words, the refractive index of the electric field components will decrease from ~1.78 to ~1.56 

along the vertical (y) direction, will remain constant along the horizontal (x) direction, and will 

increase from ~1.56 to ~1.78 along the longitudinal (z) direction [30 and 31]. As shown in Figs. 

6.2c and d, while the FWHM bandwidth and absorbance preserves at 0.025 THz and 90%, the 

resulting shift of resonance frequency is from ~0.567 THz to ~0.563 THz which via simulation 

represents an effective isotropic refractive index increase from 1.560 to 1.595. The curves are 



114 

 

representative of a typical LC modulation where the modulation is saturated around 5 V, but the 

shift in frequency is significantly smaller than an anticipated shift if one could fully utilize the 

~0.15 birefringence shift of E7 LC film [30 and 31]. 

 
Fig. 6.3. Simulated electric fields and current densities of LC metamaterial 

absorber. a, b. Electric filed and current density distribution on CSRR (a) and 

backplane (b) at resonance frequency in 0 V case, c. applied bias electric field 

oriented in longitudinal direction, d and e. side views of electric filed vectors inside 

LC on x-y plane which is located 5 µm away from CSRR (d) and backplane (e).    

 

 

 

To gain a better understanding of the absorption mechanism and explanation of the 

unexpected small frequency shift we analyzed the simulated electric field distribution in this 

structure. Figures 6.3a and b show the electric field and current density distribution created on 

CSRR and Cu backplane at resonance frequency in 0 V case. As the incident THz wave shines 
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structure, it excites a dipole moment and an oscillating current in CSRR as seen in Fig. 6.3a. This 

created dipole moment induces another dipole moment on backplane with an opposite direction of 

that in CSRR such that the induced current on Cu backplane is in reverse direction of that in CSRR 

as well. In other words, the dipole moment in CSRR scatters THz radiation in backward and 

forward directions thereby the incident THz beam is partially reflected from CSRR and partially 

transmitted into the LC film. The transmitted wave undergoes a multiple reflection between Cu 

backplane and CSRR and the compounded wave of multiple reflections is eventually reflected 

back from CSRR. At resonance frequency this compounded reflected radiation gets out of phase 

with the initially reflected beam, therefore they cancel out each other, and a complete absorption 

is obtained. The simulated bias electric field between CSRR and backplane is observed in Fig. 6.3c 

where it shows the existence of a uniform electric field inside spacer which guaranties longitudinal 

(z direction) alignment of LC molecules. However, the explanation of unexpected small frequency 

shift is found in the complex electric field distribution of the THz wave in the LC film. Figures 

6.3d and e are side view illustrations of the structure in which the distribution of THz electric field 

vectors inside LC at 5 µm away from CSRR (Fig. 6.3d) and 5 µm away from Cu backplane (Fig. 

6.3e) are demonstrated. As observed in these figures, the electric field possesses complex 

polarization inside LC. Although in the vicinity of backplane (Fig. 6.3e) the polarization tends to 

be oriented in longitudinal (z) direction, the electric field is more likely polarized in all directions 

in a close vicinity of CSRR (Fig. 6.3d). The optimum THz polarization to fully utilize ~0.15 

birefringence of E7 LC is in either y or z directions. However as observed in Figs. 6.3d and e, THz 

wave inside LC is not fully polarized in y or z directions. As a result, THz radiation does not 

experience the maximum change in refractive index of LC when LC molecules rotate from y to z 

direction by applying a bias voltage.  
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6-3. Conclusion 

In summary, we numerically designed and experimentally fabricated a LC tunable THz 

perfect metamaterial absorber. We used CSRR as the frequency selective layer which is both 

conductive and also transparent for narrowband THz radiation. The space between CSRR and Cu 

backplane was filled with E7 LC without need to supportive dielectric layer. Although the 

resonance frequency at 0.567 THz shifts by ~4.5 GHz by applying a bias 1 kHz voltage from 0 V 

to 5 V, the FWHM bandwidth and absorbance maintains at 0.025 THz and 90%, respectively. 

Simulation obtained a small increase of LC isotropic effective refractive index from 1.560 to 1.595 

while the applied voltage increased from 0 V to 5 V. Analyzing the electric field of THz radiation 

showed that the fringing scattered fields of CSRR inside LC is not polarized in a single and 

optimum direction which indicates that configuration of CSRR plays a significant role in device 

performance.  
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CHAPTER 7 

IMPACT OF SUBSTRATE AND BRIGHT RESONANCES ON GROUP VELOCITY IN 

METAMATERIALS WITHOUT DARK RESONATOR5 

 

Manipulating the speed of light has never been more exciting since electromagnetic 

induced transparency and its classical analogs led to slow light. Here, we report the manipulation 

of light group velocity in a terahertz metamaterial without needing a dark resonator, but utilizing 

instead two concentric split-ring bright resonators (meta-atoms) exhibiting a bright Fano resonance 

in close vicinity of a bright Lorentzian resonance to create a narrowband transmittance. Unlike 

earlier reports, the bright Fano resonance does not stem from an asymmetry of meta-atoms or an 

interaction between them. Additionally, we develop a method to determine the metamaterial 

“effective thickness”, which quantifies the influence of the substrate on the metamaterial response 

and has remained challenging to estimate so far. By doing so, very good agreement between 

simulated and measured group delays and velocities is accomplished. The proposed structure and 

method will be useful in designing optical buffers, delay lines, and ultra-sensitive sensors.  

 

7-1. Introduction 

Manipulating the speed of light has been the focus of growing fundamental scientific 

interest, along with a high potential technological impact. Scientifically, braking photons and 

                                                 
5 This chapter is a published work of the author of this dissertation: Hokmabadi, Mohammad Parvinnezhad, et al. "Impact of Substrate and 

Bright Resonances on Group Velocity in Metamaterial without Dark Resonator." Scientific reports 5 (2015). 
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breaking the speed of light might literally bring about heavy photons [1 and 2] and crucial 

challenges regarding causality [3 and 4]. In terms of technology, being able to stop light will lead 

to the development of optical buffers and delay lines as essential elements of future ultrafast all 

optical communication networks that could meet the ever-increasing demands for long-distance 

communications [5 and 6]. In addition, enhanced interaction of photons with matter by lowering 

the speed of light gives rise to reduced power consumption in nonlinear optical switching devices 

and ultra-accurate sensing performance of optical sensors [7-11]. 

Most successful approaches to slow light rely on electromagnetic induced transparency 

(EIT), which is a quantum destructive interference phenomenon where a narrowband “dark” state 

opens up a transparency window inside the broader absorption band of a “bright” state [12 and 

13]. EIT has been observed in various media including cold atoms, warm atoms, and plasmas, but 

cumbersome experimental conditions have often hampered its practical implementation [14 -20]. 

Alternative approaches using classical analogues such as coupled resonators, photonic crystals and 

plasmonic structures are promising to bring EIT and slow light into real practical applications by 

relaxing experimental constraints [2 and 21-27]. Among them, plasmonic structures based on 

metamaterials have recently attracted great attention since metamaterials can be designed to mimic 

various quantum phenomena [28-31]. Several metamaterial structures have been developed to 

achieve broadband, multiband, actively controllable, and polarization insensitive EIT in order to 

slow down light in various spectra or even to obtain negative group velocities [32-43]. The vast 

majority of EIT metamaterials to date most closely mimic quantum destructive interference. In 

this type, dark meta-atoms are used to create a narrowband dark state that opens a transparency 

window within a broadband bright state arising from bright meta-atoms coupling directly to the 

electric field of an incident electromagnetic wave [33-40 and 44-46]. By contrast, there have been 
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few reports of achieving EIT-like characteristics without using dark meta-atoms. In this case, two 

bright meta-atoms directly couple to the incident electric field, leading to two resonances, (one of 

which being a Fano resonance) which are spectrally close to each other and where a narrowband 

transmission window emerges in between. In the less-than-a-handful of examples available to date, 

asymmetric SRRs or interaction between symmetric dipole rings have been reportedly thought to 

be necessary to achieve the Fano resonances in this type of metamaterials that give rise to EIT 

phenomenon [28, 31, and 47-50].  

In this article, we report the observation of slow light phenomena in a terahertz 

metamaterial structure consisting of two concentric SRRs as bright resonators but without the need 

for a dark resonator. A sharp Fano resonance from a small SRR resides in spectral proximity of a 

Lorentzian resonance from a large SRR which essentially results in a transparency window 

between the two resonances where the velocity of light is diminished. This new metamaterial 

structure demonstrates fast and negative light at resonance frequencies in addition to slow light. 

However, experimental determination of the group velocity of light in EIT-like metamaterials has 

remained challenging, by contrast to group delay, owing to the uncertainty in a fundamental 

parameter –the effective thickness of the metamaterial (tm)– needed in order to be able to match 

simulation results with experiments and which characterizes the influence of substrate on the 

response of the metamaterial. Here, we report our novel approach to determine this parameter and 

obtain a fairly perfect agreement between simulations and experimental measurements for both 

group delays and group velocities. Furthermore, we study the effect of spectral separation between 

Fano and Lorentzian resonances on slow light. Finally, we report that the sharp Fano resonance 

observed in our structure arises from excitation of the second order mode in a symmetric SRR 

without interaction with other SRRs, unlike previously reported Fano metamaterials where 
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breaking the symmetry of meta-atoms or interaction between adjacent symmetric meta-atoms are 

reportedly essential conditions for Fano resonance.  

 

7-2. Results 

7-2-1. Design, Fabrication, and Characterization.  

Six metamaterial arrays (named R4C1, R4C3, R1C4, R1C2, R2C1, R2C4) were designed 

and studied in this paper. The first three (R4C1, R4C3, and R1C4) are utilized to characterize 

group velocities and group delays, and to estimate the metamaterial effective thickness as the main 

focus of this work. Next three designs (R1C2, R2C1, and R2C4) are used to analyze the effect of 

bright resonance frequencies on slow light and to study the possible mechanisms behind our 

observations.  

 

7-2-2. Effective Thickness of Metamaterial and the Impact of Substrate on Group 

Velocity.  

A schematic representation of the unit cell of R1C4 is illustrated in Fig. 7.1a, and the front 

projection views of all three are displayed in the insets of Figs. 7.1b-d. It is worthy to mention that 

all designs under study are essentially constructed from three different individual SRRs depicted 

using pink, blue, and green colors in the figures, such that any structure includes a combination of 

a few of these SRRs with either a 0˚ or 90˚ rotation. The dimensions in Fig. 7.1a are all in 

micrometers and will be kept the same in this entire study for all designs. 
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Fig. 7.1. Schematic of structure and absorption spectra. a. A schematic 

illustration of R1C4 with dimensions all in micrometers, b-d are simulated 

transmission spectra and e-g are measured transmission spectra for samples R4C1, 

R4C3, and R1C4, respectively. Insets show front views of the corresponding 

structures. 
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Comsol Multiphysics was utilized to simulate the response of these structures under an 

incident electromagnetic wave by using finite element method (FEM) (see Methods). We used 

periodic boundary conditions (PBC) for all side boundaries perpendicular to the plane of the SRRs 

and perfectly matched layer (PML) for the front and back boundaries parallel to the plane of the 

SRRs. A continuous THz wave with a linear polarization illuminates the structure at normal 

incidence, as shown in Fig. 7.1a.  Cu was used as the SRR material with a conductivity of 6 ×

107𝑆/𝑚 and the rings were placed on a Si substrate with εr = 11.7. The thickness of the Cu was 

200 nm, while the Si substrate thickness was varied to estimate the metamaterial effective 

thickness tm. 

The metamaterial arrays were fabricated using standard lift-off photolithography on thin 

(400 μm ± 20 μm) and thick (≈ 2 mm) Si substrates. Details of fabrication can be found in our 

previous related work [51].   

Using terahertz time domain spectrometry (THz-TDS), complex transmission spectra 

through the samples were obtained, including both magnitude and phase information of transmitted 

signal. In order to compare experimental data with simulation results, a transmission ratio was 

used by dividing the measured transmission data through the metamaterial samples by the 

transmission through the corresponding Si substrate used as a reference. However, for phase 

comparison, an air scan without sample was performed as the reference, following which the 

resulting measured phase spectrum of this reference and that of the metamaterial sample were 

subtracted from each other to obtain the phase of the transmission (see details in Methods).  

Figures 7.1b-d show the simulated transmission spectra and Figs. 7.1e-g display the corresponding 

measured spectra of samples R4C1, R4C3, and R1C4, respectively. Simulations and experimental 

measurements are in very good agreement. A sharp Fano resonance at 0.580 THz, as depicted in 
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Figs. 7.1b and e, originates from the smallest blue SRR (inset of Fig. 7.1b and e) through direct 

coupling of the SRR to the incident electric field. Interestingly, this Fano resonance arises from 

the excitation of the second order dipole moments in the symmetric SRR, unlike previously 

reported Fano metamaterials where the Fano lineshape was either due to the asymmetry of the 

meta-atom or interaction between symmetric meta-atoms (see Discussion). To realize an EIT-like 

transmission and achieve slow light, the design of R4C1 is modified to include other larger SRRs 

(red or green rings), as depicted in the insets of Figs. 7.1c and d, to create a Lorentzian resonance 

spectrally close to the Fano resonance and at a lower frequency. The Lorentzian resonances arise 

from direct coupling of these larger SRRs to the incident electric field through excitation of the 

second order dipole moments. Simulated transmission spectra in Figs. 1c and d and the 

corresponding measurements in Figs. 7.1f and g show that an EIT-like transmission window is 

thus established between the bright resonances, while no dark resonator was used in the structures. 

It is worth mentioning that green and red SRRs in R1C4 possess very close resonance frequencies 

and thus out-coming Lorentzian resonance of R1C4 at 0.424 THz is the superposition of both of 

them. However, one can use exactly identical SRRs (either red or green) in both double split ring 

resonators (DSRRs) to create the Lorentzian resonance and to achieve EIT-like transmission (See 

discussion).  

We then determined the group delays associated with those designs (R1C4 and R4C3) 

which exhibited EIT-like transmission spectra. The phases of the waves transmitted through a 

sample and air were measured and subtracted from each other to obtain the phase difference 

between the two exterior surfaces of the sample (see Methods). The group delays through the 

samples were then determined using 

𝜏𝑔 =
𝑑𝜑

𝑑𝜔
       Eq. 7.1 
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where φ is the measured phase difference and ω is the angular frequency.  

 
Fig. 7.2. Comparison between measured and simulated group delays and 

velocities of sample R1C4. Group delay versus frequency for sample R1C4 on thin 

(a) and thick (c) substrate. Relative group velocity versus frequency for the same 

sample on thin (b) and thick (d) substrate. Black and blue plots represent 

measurement and simulation, respectively, while red plots are the measured group 

delay or relative velocity of light in the bare Si with the corresponding thickness.     

 

 

For example, the black plot in Fig. 7.2a shows the measured group delay for the R1C4 

metamaterial design on 400 μm Si substrate. Simulations were performed for both designs on 

substrate thicknesses (tSub) ranging from 50 up to 400 μm, from which group delays were similarly 

calculated. In doing so, we found that, as long as tSub was larger than 250 μm, the group delay 

spectrum obtained from simulation for a certain substrate thickness tSub matched the 
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experimentally measured one for the same structure on 400 μm Si substrate very well (e.g. Fig. 

7.2a for R1C4) if an extra phase delay of  

𝜑 = 𝑘𝑆𝑖(𝜔)∆𝑑    Eq. 7.2 

was added to the phase difference obtained from simulation, where kSi(ω) is the frequency 

dependent wave vector in Si and ∆d=(400 μm – tSub) is the difference in substrate thickness 

between simulation and sample. By contrast, when tSub was smaller than 250 μm, the group delay 

spectra from simulation and experimental measurements do not match following the same 

procedure.  

This means that the contribution of the thickness of the Si substrate beyond 250 μm to the 

structure group delay arises only from the intrinsic property of pure silicon (i.e. kSi(ω)), whereas 

the portion of the Si up to 250 μm is intimately associated with the metamaterial response and 

influences the EIT-like resonance. In other words, the response of the metamaterial structure to an 

incident electromagnetic wave is not solely dependent on the thickness of metallic design (e.g. 

SRR) but is strongly influenced by the substrate it is deposited on. To further verify our hypothesis, 

we determined the group delay spectra for the R1C4 and R4C3 designs on 250 μm Si substrate 

after adding an extra phase delay of  

𝜑 = 𝑘𝑆𝑖(𝜔) × 1750𝜇𝑚  Eq. 7.3 

and obtained the expected near perfect match with experimental measurements on 2 mm substrate 

(Fig. 7.2c). This thickness of 250 μm therefore represents the metamaterial effective thickness, a 

fundamental parameter of such types of structures that has remained difficult to determine until 

now. And the process of matching experiment and simulation outlined here shows how to estimate 

it for any given EIT-like metamaterial structure. The relative group velocities of the 

electromagnetic wave inside the samples were evaluated using 
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𝑉𝑔

𝑐
=

1

𝑛𝑔
=

𝐿

𝑐𝜏𝑔
       Eq. 7.4  

where Vg is the group velocity, c the speed of light in vacuum, ng the group refractive index, τg the 

group delay, and L the sample thickness. As anticipated, a very good match between simulations 

and experimental measurements was obtained for both R1C4 (Figs. 7.2b and d on 400 μm and 2 

mm substrates) and R4C3 (not shown). 

Figures 7.2b and d show that, at frequencies far away from the resonances, both thin and 

thick samples behave just as a bare pure Si wafer with the corresponding thickness in terms of 

relative group velocity, which is equal to ≈ 0.29 and corresponds to the inverse of the refractive 

index of Si (ng=3.4) in agreement with Eq. (4). At the resonance frequencies of 0.424 THz and 

0.580 THz for the R1C4 design on thin substrate (Fig. 7.3a), the group delay (resp. velocity) 

undergoes sharp changes such that both zero (resp. infinite) and negative (resp. negative) values 

are observed. The negative group velocity is a result of anomalous dispersion in the phase spectrum 

created by the metamaterial structure. By contrast, in the thick sample (Fig. 7.3b), the group delay 

and group velocity remain positive in the whole spectrum, although fast light is still observable at 

resonances. The absence of a negative group delay or group velocity is due to the increased 

propagation path due to the thicker Si wafer, which smoothens the overall phase dispersion. This 

is clearly visible in Fig. 7.3c, which compares the phase of the transmission coefficient near both 

resonances and shows how the anomalous dispersion is smoothened in the thicker sample. In the 

spectral region between the resonances (0.424-0.580 THz), slower light is observed (Figs. 7.3a 

and b), with a delay of 1.5 - 2 [ps] compared to bare Si substrate used as a reference (dashed 

purple). 
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Fig. 7.3. The Effect of substrate thickness on phase of transmission and group 

delay and velocity. a. Group delay of thin Si (dashed purple), group delay of thin 

R1C4 sample (solid purple) and its relative group velocity (solid green), b. Group 

delay of thick Si (dashed purple), group delay of thick R1C4 sample (solid purple) 

and its relative group velocity (solid green), c. phase of transmission for sample 

R1C4 with thin (pink scaled by 5) and thick (orange) Si substrates. In all plots, the 

blue and red arrows indicate the positions of the Lorentzian and Fano resonances, 

respectively. 

 

 

7-2-3. The Effect of Spectral Spacing between Bright Resonances on Slow Light.  

After successfully determining the effective thickness of metamaterial and the impact of 

substrate thickness on group velocity, we further studied the effect of the separation between the 

two bright resonances on the extent that light is slowed between them. For the sake of this study, 

we designed and fabricated three additional structures on thick Si wafer such that their Fano 

resonance coincided at 0.580 THz, but with the lower frequency Lorentzian resonance –which 

originates from the larger ring– progressively shifted. Figures 4a-c depict these structures, called 
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R1C2, R2C1, and R2C4, with associated dimensions illustrated in Fig. 7.1a and their measured 

transmission spectra shown in Fig. 7.4d in black, red, and blue colors, respectively.  

 
Fig. 7.4. The effect of spectral spacing on slow light. a-c. Schematic 

representations of three different structures (R1C2, R2C1, and R2C4) with 

coinciding Fano resonance (originating from the smaller SRRs) and progressively 

shifted Lorentzian resonance, d. Measured transmission spectra of R1C2 (dark), 

R2C1 (red), and R2C4 (blue), e. Measured group delays, along with the bare Si 

substrate group delay (pink) as the reference. 

 

 

In these designs we have used either red or green SRRs (instead of using both as we did in 

R1C4) in the unit cell to create the associated Lorentzian resonance at different frequencies. EIT-

like transmission is seen for all of them between the two bright resonances, and the 

correspondingly measured group delays are shown in Fig. 7.4e along with the delay due to the bare 

Si wafer. The spacing between the resonance frequencies for R2C4 is smaller than for R2C1, which 

are both smaller than for R1C2. A comparison of the group delays τx in the spectral region between 

0.54 and 0.57 THz shows that τR2C4 > τR2C1 > τR1C2 > τSi_Ref, which demonstrates that a narrower 

spectral spacing between bright resonances leads to a higher group delay in EIT-like transmission 

window between them. 
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7-3. Discussion  

To gain a better understanding of the fundamental origin of such EIT-like transmission, we 

simulated and analyzed the transmission spectrum of sample R1C2. Figure 7.5a displays the 

transmission spectra obtained from the smaller SRRs, the larger SRRs and sample R1C2 which 

combines both.  

 
Fig. 7.5. Interpretation of Fano resonance and EIT-like transparency. a. 

Comparison of transmission spectrum of large SRR, small SRR, and R1C2 

composed of both SRRs, b-d. Electric field profile of sample R1C2 at resonance 

frequencies of 0.380 THz, 0.500 THz, and 0.580 THz, respectively, with associated 

current densities (Jy component) in e-g, added black arrows illustrate more clearly 

the currents directions in the SRRs. 
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We see that the direct coupling of the incident electric field to the smaller SRRs gives rise 

to the Fano response (blue) at 0.580 THz, while coupling to the larger SRRs leads to the Lorentzian 

response (red) at 0.400 THz. Combining them to construct sample R1C2 results in a slight red-

shift of the Lorentzian resonance from 0.400 THz to 0.380 THz, a narrowing of both resonances –

particularly the Lorentzian– in the spectral range between them (0.380 THz < f < 0.580 THz), and 

a broadening of the Fano resonance at frequencies higher than 0.580 THz (black). 

The electric field distributions in the plane of the R1C2 metamaterial ring arrays are shown in Figs. 

7.5b-d at frequencies of 0.380 THz (Lorentzian resonance), 0.500 THz, and 0.580 THz (Fano 

resonance) respectively, along with the associated current density distributions (Jy in-plane 

component) in Figs. 7.5e-g where black arrows are added to better illustrate the current directions 

in SRRs. 

At 0.380 THz (Fig. 7.5b), two dipole moments are created in the larger SRRs, which gives 

rise to the Lorentzian resonance at that frequency. There is only a slight interaction between the 

smaller and larger SRRs, which can be discerned by the current distributions in Fig. 7.5e. This 

interaction induces a weak current in smaller SRR (in the outer circumference) in an opposite 

direction of that in the larger SRR. The frequency level scheme of two coupled dipoles can explain 

well the aforementioned slight red shift of the Lorentzian resonance of larger SRR in R1C2 [52 

and 53]. Since the dipole moments in the smaller and larger SRRs are in opposite directions, the 

restoring force between them is diminished, which leads to the frequency red-shift of the resonance 

peak associated with the larger SRRs.  

At 0.580 THz (Figs. 7.5d and g), the dipole moments and currents are primarily found in 

the smaller SRRs, which are thus responsible for the Fano resonance. To verify that the Fano 

resonance here is neither due to an asymmetry in these SRRs nor a result of interaction between 
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them unlike prior Fano resonance reports, we performed two additional simulations: one 

containing just one individual small SRR and another simulation containing just one large SRR 

(i.e. two separate simulations, one for a small blue ring and another for large red ring of Fig. 7.4a). 

The resulting transmission spectra were exactly the same as the blue and red plots shown in Fig. 

7.5a. We believe that such a Fano resonance is achievable in our structure, even though there is no 

asymmetry or interaction between SRRs, because our SRRs have a larger width relative to their 

radius. At resonance frequency, the inner and outer perimeters of the SRRs equally contribute to 

the resonance. However, at frequencies slightly higher than the resonance the inner perimeter 

contributes more, while the outer perimeter is responsible for the part of the spectrum slightly 

lower than the resonance. This characteristic is valid for both the larger and smaller SRRs. But the 

dipole moments in the inner circumference of the smaller SRRs are closer to each other than those 

of the larger SRRs. As such, interaction between the dipole moments in the smaller SRR is stronger 

than for those in the larger SRR. Furthermore, the dipole moments are parallel to each other. As 

in the case of stereometamaterials52 where parallel dipoles with the same resonance frequency lead 

to degeneracy, the strong interaction of parallel moments in the metamaterial structures here results 

in splitting and hence broadening of the transmission at frequencies higher than the resonance, 

which results in a tail (blue curve) in the transmission spectrum and thus a Fano type resonances 

at 0.580 THz.    

In the case of the larger SRR, the transmission (red plot in Fig. 7.5a) does not rise back up 

evenly after its resonance, for frequencies beyond 0.550 THz. More analysis by using electric field 

distribution confirmed the presence of higher order resonances in the larger SRR in that part of the 

higher frequency spectrum. As a result, when the larger SRR is combined with a smaller one to 
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make the R1C2 design, the higher order resonances lead to an additional slight broadening of the 

Fano resonance tail at higher frequency, as seen in Fig. 7.5a (comparing black and blue plots).  

Eventually, at 0.500 THz, in the transmission window between the two resonances, the 

electric field profile shows that both SRRs are excited, but the associated dipole moments are 

found on the inner circumference of the larger SRR and on the outer circumference of the smaller 

SRR. The currents generated in the SRRs possess similar strength but are in opposite directions, 

which leads to destructive interference of the reflected waves out of SRRs and therefore the 

emergence of a transmission window at 0.500 THz. It is worth mentioning that a simulation of 

R1C2 with a half of its unit cell (just one DSRR in the unit cell) exactly gives rise the same 

transmission spectrum of R1C2 (Fig. 7.6a) which verifies lack of interaction between two adjacent 

DSRRs. Thus, opening of an EIT-like window stems definitely from the interaction between small 

and large SRRs in each DSRR and not from interaction between two adjacent DSRRs. Therefore, 

the discussed mechanism behind EIT-like transmission for R1C2 is still valid for R1C4 although 

its Lorentzian resonance is a superposition of both red and green SRRs. The underlying mechanism 

behind group delay of EIT-like phenomenon in our designs can be analyzed both macroscopically 

and microscopically. From macroscopic point of view, an increase of group refractive index in 

EIT spectrum results in an increase in optical density of metamaterial. Like optically dense bulk 

materials with a high refractive index (such as Si), the incident THz radiation experiences a 

decrease in its velocity while transmitting through it. In order to gain a microscopic insight of 

group delay in our design, the calculated power flow through design R1C2 (cut by half) at three 

different frequencies is demonstrated in Figs. 7.6b-d. From the figure, it is observable that at 

transmission window (0.500 THz), the THz energy is mostly confined in a small region between 

two SRRs while at resonance frequencies of 0.380 THz and 0.580 THz energy is relatively 
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distributed in a large area. Trapping the THz radiation inside a small area between two SRRs with 

out of phase current flows and then transmitting through that small region could be one possible 

reason for the group delay observed in our structure39. Nonetheless, further and thorough study is 

required to better understand the mechanism of group delay in EIT metamaterials. 

 
Fig. 7.6. Comparison of transmission spectrum of R1C2 design with two 

DSRRs and one DSRR in the unit cell and demonstration of power flow in 

R1C2 half for three different frequencies. a. Dashed red line are transmission 

spectrum for R1C2 design with one DSRR in its unit cell (labeled as R1C2 Half) 

and dotted-dashed line is transmission spectrum for R1C2, b-d. Power flow (red 

lines) at resonance frequencies of (b) 0.380 THz, (d) 0.580 THz and (c) 

transmission window 0.500 THz. 
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7-4. Conclusion 

In summary we developed a technique to estimate the effective thickness of EIT-

metamaterials both theoretically and experimentally. Applying this method on our EIT 

metamaterials fabricated on 400 µm and 2mm Si substrates gives rise to a perfect matching 

between simulation and experiment for both group delays and group velocities. Additionally we 

studied the effect of spectral spacing between bright states on slow light. We observed that group 

delay increase from 2 ps to 7 ps when the spectral distance between two bright resonances reduces 

from 0.2 THz to 0.04 THz.  

 

7-5. Methods 

7-5-1. Numerical Simulation.  

Numerical simulation was performed by FEM using Comsol Multiphysics software. Figure 

7.7 shows a schematic representation of the structure under simulation. PBC was applied for all 

side boundaries and PML was applied for the front and back boundaries. Therefore, the 

metamaterial structure could be considered to be at the interface between two semi-infinite spaces 

of air and Si. To determine transmission and phase changes, we applied port boundaries at desired 

positions inside air and Si to obtain the scattering parameters of the electromagnetic field. At the 

input port (1) a continuous incident field with a linear polarization was launched and at the output 

port (2) the required scattering parameter was extracted. The transmission was calculated through 

T = |S21|
2 where S21 is the scattering parameter between input and output ports depicted in the 

figure. Various mesh sizes were employed for different locations in the simulation depending on 

their refractive indices in order to satisfy the convergence condition, and the total number of mesh 

elements was 151,547. In order to determine the effective thickness of metamaterial and be able 
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to compare simulation and experimental measurements, the phase change due to air was subtracted 

from that obtained from the ports (φ21) in the aforementioned manner, and an extra phase 

associated with the extra Si between the thickness in the simulation and that in the experiments 

was considered. Therefore, the phase change of the metamaterial structure in simulation was 

calculated by: 

𝜑𝑆𝑖𝑚 = 𝜑21 − 𝑘0𝑑𝑎𝑖𝑟 + 𝑘0𝑛∆𝑑𝑆𝑖,    Eq. 7.5 

where φ21 is the phase difference between the ports obtained from the scattering parameter, k0 is 

the wave number in air, dair is the thickness of the space in the volume containing air, n is the Si 

refractive index, and ∆dSi is the difference between the Si thicknesses in simulation and 

experiments. 

 
Fig. 7.7. Schematic illustration of simulation environment and conditions. 
Light gray area is Si and white area contains air. 

 

 

7-5-2. Measurement.  

For measurement, a THZ-TDS system was utilized in transmission mode. A schematic 

illustration of the measurement setup is seen in Fig. 7.7. A 780 nm pump laser beam (pump) with 

repetition rate of 65 MHz excites a photoconductive antenna (PCA) to generate linearly polarized 

THz wave. An electro-optical sampling scheme is used for detection such that both transmitted 
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THz wave through the sample and a 780 nm beam meet each other at a birefringent ZnTe crystal 

by controlling the timing between them through a delay stage. The THz wave induces different 

refractive indices along two orthogonal optical axes in the crystal, which affects the polarization 

of the time-delayed (probe) 780 nm laser beam that passes through it. Two photodiodes are 

subsequently used to measure the intensity difference between these polarizations in a synchronous 

detection scheme by means of a voltage that represents the magnitude of the THz wave incident 

on the ZnTe crystal. 

 
Fig. 7.8. Schematic representation of THz-TDS setup used to characterize 

samples. 
 

 

To obtain the transmission ratio, the transmitted THz wave signals thus measured through 

the samples were divided by that obtained through a piece of the same (but bare) Si substrate wafer 

used as a reference. To determine the phase difference between the exterior surfaces of the samples 

(φSample), the phase change between the incident THz wave and the detected THz wave transmitted 
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through sample (φmeasure) was measured first. Then, the phase of air and associated optical elements 

such as lenses or mirrors (φmirrors) was subtracted according to: 

𝜑𝑆𝑎𝑚𝑝𝑙𝑒 = 𝜑𝑚𝑒𝑎𝑠𝑢𝑟𝑒 − 𝑘0(𝑑1 + 𝑑2 + 𝑑3 + 𝑑4) − 𝜑𝑚𝑖𝑟𝑟𝑜𝑟𝑠 ,  Eq. 7.6 

where k0 is the wave number of air and d1 + d2 + d3 + d4 are the distances between the PCA and 

the photodiodes (Fig. 7.8). Therefore, an air scan was required to be performed as the reference 

and the corresponding phase change φAirScan was measured, which includes (𝑘0(𝑑1 + 𝑑2 + 𝑑3 +

𝑑4) + 𝜑𝑚𝑖𝑟𝑟𝑜𝑟𝑠). This phase was then subtracted from that of sample (φmeasure). However, when 

doing so, we are also subtracting a phase change corresponding to the contribution of air with the 

same thickness as the sample (ds). Therefore, a phase change equal to k0ds is added back, which 

results in the total phase change through the metamaterial sample to be: 

𝜑𝑆𝑎𝑚𝑝𝑙𝑒 = 𝜑𝑚𝑒𝑎𝑠𝑢𝑟𝑒 −𝜑𝐴𝑖𝑟𝑆𝑐𝑎𝑛 + 𝑘0𝑑𝑠    Eq. 7.7 
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CHAPTER 8 

PLASMON-INDUCED TRANSPARENCY BY HYBRIDIZING CONCENTRIC TWISTED 

DOUBLE SPLIT RING RESONATORS6 

 

As a classical analogue of electromagnetically induced transparency, plasmon induced 

transparency (PIT) has attracted great attention by mitigating otherwise cumbersome experimental 

implementation constraints. Here, through theoretical design, simulation and experimental 

validation, we present a novel approach to achieve and control PIT by hybridizing two double split 

ring resonators (DSRRs) on flexible polyimide substrates. In the design, the large SRRs in the 

DSRRs are stationary and mirror images of each other, while the small SRRs rotate about their 

center axes. Counter-directional rotation (twisting) of the small SRRs is shown to lead to resonance 

shifts, while co-directional rotation results in splitting of the lower frequency resonance and 

emergence of a PIT window.  We develop an equivalent circuit model and introduce a mutual 

inductance parameter M whose sign is shown to characterize the existence or absence of PIT 

response from the structure. This model attempts to provide a quantitative measure of the physical 

mechanisms underlying the observed PIT phenomenon. As such, our findings can support the 

design of several applications such as optical buffers, delay lines, and ultra-sensitive sensors. 

 

 

 

                                                 
6 This chapter is a published work of the author of this dissertation: Hokmabadi, Mohammad Parvinnezhad, et al. "Plasmon-Induced 

Transparency by Hybridizing Concentric-Twisted Double Split Ring Resonators." Scientific reports 5 (2015). 
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8-1. Introduction 

Metamaterials are well-known for their unusual optical responses such as negative 

refractive index, super-resolution imaging, and highly asymmetric and non-reciprocal behaviors 

that are impossible to elicit from naturally-occurring materials [1-4]. In addition to these unique 

characteristics, they can also emulate some of the renowned atomic and condensed matter 

phenomena such as electromagnetically induced transparency (EIT), Fano resonances, and orbital 

hybridization [5-7] The former is indeed of significant importance owing to its exclusive feature 

of slow light which promises various applications in developing ultra-accurate sensors, low-power 

optical switches, optical buffers, and delay lines [8-14]. EIT is essentially a quantum destructive 

interference phenomenon which appears in a three level atomic system where a high-power pump 

beam induces a narrowband “dark” state to open a transparency window inside the broader 

absorption band of a “bright” state excited by a probe beam [15 and 16]. EIT has been observed in 

various media including cold atoms, warm atoms, and plasmas; however, cumbersome 

experimental conditions have often hampered its practical implementation [17-22]. The imitation 

of EIT by using metamaterials becomes significant where metamaterials can tremendously relax 

those experimental constraints. Since the first demonstration of EIT in metamaterials, called 

plasmon induced transparency (PIT), several metamaterial structures have been developed to 

achieve broadband, multiband, actively controllable, and polarization insensitive PIT from visible 

to microwave parts of the spectrum [7 and 23-33]. Most of those PIT structures leverage meta-

atoms (i.e. building blocks of metamaterials) such as cut wires and/or split ring resonators (SRRs) 

as the analogues of bright or dark states when they either directly couple to the incident radiation 

(bright state) or are excited via induction from the bright meta-atom (dark state).  
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On the other hand, the interaction or hybridization of meta-atoms, when placed in a close 

proximity of one another [34-38], tends to lead to the emergence of new resonant states from the 

splitting of degenerate modes. This can be easily achieved using SRRs and double split ring 

resonators (DSRRs) under various geometrical configurations in which coupling of both magnetic 

and electric moments can occur [39-49]. However, there are few reports of PIT through 

hybridization of SRRs, and the physical mechanisms underlying the interaction and emergence of 

PIT has not been studied previously. 

In this work, we report the theoretical design and simulation, as well as experimental 

validation of a novel approach to specifically achieve and manipulate PIT by hybridizing two 

concentric-twisted DSRRs on flexible polyimide substrates. We further propose an equivalent 

circuit model to gain deeper understanding of the physics underlying the hybridization interaction, 

and therefore the occurrence or absence of PIT through hybridization, which we find to be 

quantitatively characterized by a mutual inductance parameter M and more specifically its sign. 

Finally, we experimentally determine a group delay of about 7 ps and relative group velocity of 

0.06 associated with the proposed PIT structures, in good agreement with simulation results. 

 

8-2. Results 

Figures 8.1a and b represent schematic illustrations of the DSRR array unit cells studied in 

this work, which consist of hybridized counter-directional and co-directional twisted DSRRs, 

respectively (all dimensions in micrometer. Magnified optical microscope images of the 

correspondingly fabricated structures can be seen in Figs. 8.1c and e. The arrays were realized on 

flexible polyimide films as shown in Fig. 8.1d. As illustrated in the figures, the outer or large SRRs 

are fixed and mirror images of each other. In counter-directional structures (Fig. 8.1a) the inner or 
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small SRRs rotate synchronously (symmetrically) to each other in opposite directions, while in co-

directional structures (Fig. 8.1b) the small SRRs rotate synchronously in the same direction.  

 
Fig. 8.1. Schematic and optical microscope image illustrations of hybrid 

concentric twisted DSRRs. Schematic illustrations of counter-directional (a) and 

co-directional (b) structures. Optical microscope images of a fabricated sample of 

counter-directional (c) and co-directional (e) twisted DSRRs. An image of samples 

fabricated on a flexible 125 µm Kapton polyimide film (d). 

 

 

We employed standard photolithography to realize 200 nm thick Cu SRR arrays deposited 

on a flexible 125 µm thick Kapton polyimide film substrate. The fabricated samples were 

characterized using terahertz time domain spectroscopic (THz-TDS) method in transmission 

mode. The THz radiation illuminates the arrays at normal incidence with the wave polarization 

oriented along the gap of the large SRRs in order to directly excite them as bright resonators at 

their fundamental frequency (see methods). The design and simulation of the spectral response of 

the structures was carried out using finite element numerical method (FEM), with periodic 

conditions (PBC) for all side boundaries perpendicular to the plane of the SRRs and perfectly 

matched layers (PML) for the front and back faces parallel to the plane of the SRRs. In the 

simulations, we used a conductivity of 6×107 (S/m) for the Cu of the SRRs and a permittivity of 

3.15 for the polyimide. For transmission measurements, we divided the transmission through the 
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samples by that of a bare 125 µm Kapton polyimide substrate, which was used as a reference. For 

phase measurements and determination of the group delay and relative group velocity, we 

performed an air scan as the reference (see methods). 

Figure 8.2 shows both measured (solid lines) and simulated (dashed lines) transmission 

spectra of counter-directional twisted DSRRs when the small SRRs in each DSRR are 

progressively rotated from -90˚ to 90˚ in opposite directions such that the gap in the small SRRs 

moves continuously far away from the gap in the large SRRs.  An illustration of the unit cell is 

shown in the inset of its associated spectrum.  

 
Fig. 8.2. Transmission spectra of counter-directional DSRRs. Insets show the 

front view of the couther-directional twisted DSRRs. By rotating from -90˚ to 90˚, 

the first resonance (lower frequency) bears a red-shift and the second resonance 

(higher frequency) experiences a blue-shift. 
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As shown in Fig. 8.2, these counter-directional structures exhibit two distinct resonances: one at a 

lower frequency which stems from large SRRs and one at higher resonance frequency which 

primarily arises from the small SRRs. However, these resonances are not independent of each 

other: because of the interaction between the small and large SRRs within each DSRR, any 

physical change to one influences the resonance response of the other. In the present case, a small 

perturbation is achieved when rotating the small SRRs equally but in opposite directions as shown 

in Fig. 8.2, while the large SRRs remain stationary, in such a manner that the two DSRRs remain 

mirrors of each other at any rotation angle. When rotating the small SRRs from -90˚ to 90˚, the 

lower resonance (fres.1) is red shifted while the higher resonance (fres.2) experiences a blue shift. 

The resonance strength at the lower frequency remains fairly unchanged, but that at the higher 

frequency reduces gradually by rotation in the course of rotation from -90˚ to 90˚, and in the special 

case of -45˚ case the higher resonance completely disappears. 

Furthermore, additional simulations have confirmed that using only one such DSRR (either 

one) instead of two in a unit cell does not change the resulting spectra in Fig. 8.2 (see appendix), 

which is essentially equivalent to changing one of the DSRRs in the unit cell with its mirror image 

with respect to a vertical plane since that would mean both DSRRs are the same.  

The red and blue shifts in the resonance near fRes.1 of these counter-directional twisted 

DSRRs, with a fairly constant strength, are most interesting because they can be used to easily 

achieve PIT phenomenon in the following manner. Let us start by considering the 0˚ case as a 

reference structure (blue plot in Fig. 8.2), a rotation of the small SRRs in one direction (e.g. 

negative or toward -45˚ shown in Fig. 8.2) or the opposite direction (e.g. positive or toward +45˚ 

in Fig. 8.2) will cause the resonance near fRes.1 to shift to a slightly higher or lower frequency than 



150 

 

the reference resonance, respectively. Consequently, a hybrid structure that contains both a 

“positive” and “negative” twisted DSRRs in the unit cell would exhibit two resonances slightly 

shifted from each other, which is essentially equivalent to a splitting of the original resonance and 

thus the potential emergence of a PIT transmission window. More precisely, since we saw 

previously that the spectral responses in Fig. 8.2 are unchanged when using only one of the 2 

counter-directional twisted DSRRs, the desired hybrid structure exhibiting PIT can be realized 

with only two DSRRs instead of four: a negatively twisted DSRR such as the right one in the -45˚ 

inset in Fig. 8.2 (black), and a positively twisted DSRR such as the left one in the +45° inset in 

Fig. 8.2 (green).  

 

Fig. 8.3. Simulated transmission and phase spectra of hybridized co-

directional twisted DSRRs. Simulated transmission (a) and phase (b) spectra of 

hybrid co-directional twisted DSRRs when the small SRRs rotate synchronously in 

the same direction around their axes to achieve PIT. The middle column shows 

front view illustrations of the corresponding structures.  
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In other words, this configuration corresponds exactly to the case of co-directional twisting 

of small SRRs in the unit cell, as illustrated in Figs. 8.1b and e.  This means that the co-directional 

twisting of the small SRR in these DSRR arrays can lead to a PIT window as a result of opposite 

shifts in the transmission resonance whereas the counter-directional twisting of the small SRRs 

only leads to a frequency shift in a single direction. 

The effect of the rotation of the small SRRs on the opening of the PIT window in these co-

directional twisted DSRRs is illustrated in Fig. 8.3 which shows the simulated transmission (Fig. 

8.3a) and phase (Fig. 8.3b) spectra for rotation angles from 0° to 90°. At 90°, a PIT window can 

be clearly observed at ~0.280 THz. A comparison of the experimentally measured and simulated 

transmission spectra is depicted in Figs. 8.4 and a fairly good agreement is achieved.   

 
Fig. 8.4. Comparison between simulated and experimental transmission 

spectra for co-directional twisted DSRRs.  a-d. Transmission spectra for 0˚, 30˚, 

60˚, and 90˚ rotations of the small SRRs, respectively.    
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The group delay and relative group velocity associated with the 90° co-directional twisted DSRRs 

that exhibit PIT are represented in Fig. 8.5. The solid and dashed black lines correspond to the 

values from experimentally measured and simulated transmission spectra, respectively. The solid 

red lines correspond to the group delay and relative group velocity of the polyimide reference.  The 

group delay τg introduced by the metamaterial structure was calculated using 

𝜏𝑔 =
𝑑𝜑

𝑑𝜔
       Eq. 8.1 

where φ and ω are the phase and angular frequency, respectively. To determine the phase φ of the 

transmission from the simulation spectra, we subtracted the phase of the incident wave, traveling 

in the air between the input port and surface of the structure, from the phase between the input and 

output ports. In doing so, only the desired phase difference between the front surface of the 

structure and the output port which is positioned 125 µm behind the DSRRs is obtained (see 

methods). However from the experimentally measured spectra, the phase of air scan (as the 

reference) was first subtracted from the measured phase of the sample, therefore an additional 

phase delay of air with a thickness of 125 µm (corresponding approximately to the thickness of 

the sample) was manually added to the subtraction (see methods). The relative group velocity Vg 

of the wave in the structure was subsequently obtained using 

𝑉𝑔

𝑐
=

1

𝑛𝑔
=

𝐿

𝑐𝜏𝑔
       Eq. 8.2 

where c, ng, and L are the speed of light in vacuum, group index, and thickness of the metamaterial 

structure considered to be 125 µm.  

From Fig. 8.5 we observe that at frequencies away from the resonances, the group delay 

and relative group velocity of THz radiation tends to be equal to that of polyimide, as expected. 

At the resonance frequencies of 0.265 THz and 0.295 THz the metamaterial demonstrates negative 
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group delay and velocity. At around 0.280 THz where there exists a ~70% PIT transmission, the 

THz radiation experiences a delay of around 7 ps, while the group velocity of the THz wave 

reduces to nearly 0.06 times the speed of light in the vacuum.  

 
Fig. 8.5. Comparison of simulated and experimental group delay and relative 

group velocity. a. Group delay and b. relative group velocity (Vg/c) associated with 

90˚ co-directional twisted DSRRs that exhibit PIT at ~0.280 THz. Solid and dashed 

black lines represent experimentally measured and simulated results, respectively. 

The red lines are group delay and relative group velocity of the reference polyimide.  

 

 

8-3. Discussion 

The observation of PIT in the 90˚ co-directional twisted DSRR structure of Fig. 8.4d can 

be interpreted by further examining the resonances of each constituent DSRR as well as their 

interactions, with the aid of our FEM analysis. Figure 8.6e compares the transmission spectrum of 

the PIT structure (solid black line) superimposed with that of its two constituent DSRRs (pink and 

red lines, respectively). The electric field strength distribution in the structure is shown in Figs. 

8.6a and b at the two resonance frequencies of 0.265 THz and 0.295 THz, respectively, along with 

their associated current densities in Figs. 8.6c and d. It is clearly observable that the two minima 

in the transmission spectrum of the PIT structure stem from the resonances associated with each 

of the constituent DSRRs. Although they are relatively broad at 0.270 and 0.290 THz, both 
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resonances become narrower and a transparency window appears at 0.280 THz due to interaction 

between the two DSRRs after hybridization. 

 
Fig. 8.6. Comparison of transmission spectra between 90° co-directional PIT 

structure and its constituent DSRRs, electric field and current density 

distributions at transmission resonance frequencies. a. Comparison of 

transmission spectra between 90°-co-directional PIT structure and its constituent 

elements. (b) and (c) Electric field strength distribution within the 90°-co-

directional PIT structure at the two transmission resonance frequencies at 0.265 and 

0.295 THz, d and e. Current density distribution in the 90°-co-directional PIT 

structure at the same two resonance frequencies.  
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Fig. 8.7. Transmission spectra, electric current at 0.280 THz, circuit model, 

and fitted spectra of structures A and B. a and b. are simulated transmission 

spectra of structure A and B, c and d. are their associated current densities (x 

component) where red vectors, labeled J, and blue centrifugal and centripetal 

marks, labeled H, are used to show current and magnetic field direction of large 

SRRs, e and f. Electric circuit models of structure A and B, and g and h. fitted 

transmission spectrum for structure A and B respectively where dots show the 

simulated data and solid lines are fitting result by the model.     
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Interestingly as a result, unlike conventional EIT phenomena where bright and dark states with a 

large difference in resonance bandwidths are required, the PIT demonstrated here is eventually 

created by coupling two bright states with comparable bandwidths. 

By contrast to the hybridized counter-directional DSRRs, in the co-directional DSRRs 

interaction between the two constituent DSRRs is essential to the emergence of a PIT response. 

For example, if one of the DSRRs in the PIT structure is rotated by 180˚ about its axis (e.g. right 

DSRR), the two adjacent DSRRs will interact with each other in such a manner that the higher 

frequency resonance will dominate over the lower frequency one, leading to disappearance of the 

PIT transmission window as shown in the spectrum comparison in Figs. 8.7a and b.  

For the rest of manuscript, we will call “structure A” the 90˚ co-directional PIT structure in Fig. 

8.7a and “structure B” the other one in Fig. 8.7b. The current densities (x component) of structures 

A and B at 0.280 THz are illustrated in Figs. 8.7c and d, respectively. For clarity, we used red 

arrows and a label J, to show the current directions in the large SRRs, and blue into-plane (×) and 

out-of-plane (.) symbols for the induced magnetic fields. We clearly see that the electric currents 

generated in the two large SRRs of structure A are in opposite direction while they are in the same 

direction for structure B. 

Correspondingly, the generated magnetic fields inside the DSRRs are in opposite directions 

for structure A and in the same direction for structure B. 

To gain a better understanding of the physics underlying these observations, we propose the 

equivalent circuit model for structures A and B, shown in Figs. 8.7e and f respectively. Each DSRR 

is modeled as a series RLC circuit with R as the resistance, C its capacitance, and L its self 

inductance. The resonance frequencies (𝑓𝑖 =
1

2𝜋√𝐿𝑖𝐶𝑖
, 𝑖 = 1,2 ) of the left and right RLC circuits 

are set at 0.270 THz and 0.290 THz, which correspond to the resonances observed in Fig. 8.6 (red 
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and pink lines). The coupling of an incident THz wave into the DSRRs is represented by a voltage 

source, Vi, with the same magnitude and phase in each circuit since the wave is arriving at normal 

incidence. To represent the mutual interaction between the two DSRRs, we introduce a the mutual 

inductance M such that an additional dependent voltage source equal to 𝑀 ×
𝑑𝐼𝑖

𝑑𝑡
 (i=1,2) is added 

in the circuit, i.e. the voltage in one loop being proportional to the rate of change in the current 

inside the other loop. Since the DSRRs of structure A are exactly the same as structure B when 

considered individually, their circuit RLC models will be identical in both structures. However, 

due to the currents (or magnetic fields) being antiparallel in structure A and parallel in structure B 

(Fig. 8.7c and d), the interaction between the DSRRs in each unit cell will not be similar for the 

two structures and we expect the coupling parameter M to have different values (MA, MB) to 

characterize the dissimilar responses of A and B. The equations governing this circuit models can 

be summarized as   

(𝐼1
𝐼2
) = (

𝑅1 + 𝐿1𝑗𝜔 +
1

𝐶1𝑗𝜔
𝑀𝑗𝜔

𝑀𝑗𝜔 𝑅2 + 𝐿2𝑗𝜔 +
1

𝐶2𝑗𝜔

)

−1

(𝑉𝑖
𝑉𝑖
)          Eq. 8.3 

where M is either MA for structure A or MB for structure B, and ω is the angular frequency. 

Equation 8.3 is used to extract the transfer function (VO/ Vi) of the circuit versus frequency. Fitting 

the square magnitude of transfer function to the simulated transmission spectra of structures A and 

B is shown in Figs. 8.7g and h respectively, and results in the values of the circuit elements and 

coupling parameters summarized in table 8.1.  

 

Table 8.1. Evaluated elements of circuit model resulted from fitting 

simulated transmission spectrum   
Structure C1 [fF] C2 [fF] L1 [pH] L2 [pH] M [pH] R1 [Ω] R2 [Ω] 

A 3.53  22.80 98.44 13.21 3.10 4.70 1.90 

B 3.55  22.87 98.61 13.17 -3.20 4.50 2.20 

 

(a) 
(b) 
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As anticipated, all circuit element parameters (R, L and C) have almost identical values for 

structures A and B. A remarkable difference is the value of M, which is found to be positive for 

structure A while it is negative for structure B but with nearly the same magnitude. 

The near-equality of all parameters other than M confirms that the PIT and not-PIT 

responses of structures A and B originates solely from different coupling schemes of their 

constituent DSRRs. The opposite signs of M resembles an analogous behavior between two 

solenoids: like two solenoids with magnetic fluxes in opposite directions, structure A gives rise to 

a positive (attractive) coupling factor whereas, similar to two solenoids with magnetic fluxes in 

the same direction, structure B gives rise to a negative (repulsive) coupling factor. In other words, 

the mutual- (due to M) and self-induced (due to L) currents of each large SRR are in the same 

direction for structure A but in opposite directions for structure B. Thus, a positive mutual 

inductance MA between DSRRs in structure A will increase the total inductance (Li+MA) in each 

DSRR. As a result, since the bandwidth of the resonance in a series RLC circuit is equal to R/L, 

the bandwidth of the resonances from the DSRRs is expected to be reduced when coupled, which 

is consistent with what was observed in Fig. 8.6: both resonances became narrower, which gave 

rise to the opening of the PIT transmission window in between, at 0.280 THz. By contrast, a 

negative mutual inductance MB in structure B leads to the opposite effect: a reduction of the total 

inductance of both DSRRs, a broadening of their transmission resonance, and since the higher 

frequency resonance becomes dominant over the other one, the PIT window diminishes in 

structure B. 
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8-4. Conclusion 

In summary we designed, fabricated and characterized a novel flexible PIT metamaterial 

with tunable response. The PIT metamaterial is constructed by hybridizing two DSRRs into a 

single unit cell where the rotation of small SRRs tunes the response of the device. The calculated 

group delay demonstrates that our PIT structure produces 7 ps delay for the THz transmitted 

through our 125 µm thick flexible metamaterial where the speed of THz radiation reduces by 0.06 

times of that in air. Additionally we developed a circuit model which interprets both qualitatively 

and quantitatively the destructive interference mechanism between states to create PIT response.  

 

8-5. Methods 

8-5-1. Numerical Simulation.  

In the design of the structures, we used Comsol Multiphysics FEM method to solve 

Maxwell equations. Figure 8.8 shows a schematic illustration of the structure under simulation 

with the details highlighted. We utilized PBC for all side boundaries perpendicular to the plane of 

the SRRs, and PML was applied for front and back boundaries which are parallel to the plane of 

the SRRs. The incident wave was launched at normal incidence with its polarization along the gap 

of large SRRs such that first order resonance was excited in the SRRs in all structures. Input and 

output ports were implemented to measure phase and transmission spectra by utilizing scattering 

parameters. The transmission T was calculated by using the scattering parameter S21 through: 

𝑇 =  |𝑆21|
2                  Eq. 8.4 

To calculate the phase of transmission, we subtracted the phase of the incident wave inside 

the air between the input port and the surface of the structure from the phase between the two ports, 
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so that only the desired phase difference between the front surface of the structure and the output 

port which is positioned 125 µm behind the SRRs is obtained:  

𝜑𝑆𝑖𝑚 =𝜑21 − 𝑘0𝑑      Eq. 8.5 

 
Fig. 8.8. Schematic illustration of simulation environment and conditions. Blue 

area is polyimide and the white area contains air. 

 

 

where φSim is the phase of transmission through the sample, φ21 is the phase difference between 

input and output ports, k0 is the wavenumber in vacuum, and d is the distance between port 1 (input 

port) and surface of the sample. The group delay was then calculated using Eq. 1 and subsequently 

the relative group velocity was evaluated using Eq. 2 where 125 µm was considered for the 

thickness of metamaterial (L).        

 

8-5-2. Measurement.  

For experimental measurements, a THz-TDS system in transmission mode was used. 

Figure 8.9 shows a schematic illustration of the system. A 780 nm excitation laser beam with a 

repetition rate of 65 MHz is split into pump and probe beams. The pump beam excites a 

photoconductive antenna (PCA) to generate linearly polarized THz wave. For detection, an 
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electro-optical sampling method is applied such that both transmitted THz wave through the 

sample and the 780 nm probe beam meet each other at a birefringent ZnTe crystal by controlling 

the timing between them through a delay stage. The THz wave induces different refractive indices 

along two orthogonal optical axes in the crystal, which affects the polarization of the time-delayed 

probe beam that passes through it. Then, a splitter followed by a waveplate separates two 

orthogonal polarizations of the probe beam and subsequently two photodiodes are used to detect 

each split beam. The detected voltage difference by photodiodes is then amplified by a lock-in 

amplifier which is a representation of the magnitude and phase of the transmitted THz wave 

through the sample. 

 
Fig. 8.9. Schematic representation of THz-TDS setup used to characterize 

samples. A photoconductive antenna generates THz radiation and an electro-optic 

scheme is used for detecting the transmitted THz radiation through the sample. 

 

 

The transmission ratio was obtained by dividing the transmitted THz wave through the 

samples by that obtained through a piece of the same (but bare) Kapton polyimide substrate film 
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used as the reference. However, to evaluate the phase change between the exterior surfaces of the 

samples (φSample), the phase difference between the incident THz wave and the detected THz wave 

transmitted through sample (φmeasure) was first measured. Then, the phase of air and associated 

optical elements such as lenses or mirrors (φmirrors) had to be subtracted from φmeasure according to: 

𝜑𝑆𝑎𝑚𝑝𝑙𝑒 = 𝜑𝑚𝑒𝑎𝑠𝑢𝑟𝑒 − 𝑘0(𝑑1 + 𝑑2 + 𝑑3 + 𝑑4) − 𝜑𝑚𝑖𝑟𝑟𝑜𝑟𝑠 , Eq. 8.6 

where k0 is the wave number of air and d1 + d2 + d3 + d4 is the distance between the photodiodes 

and the PCA (Fig. 8.8). Therefore, an air scan was performed as the reference where the 

corresponding phase change φAirScan includes(𝑘0(𝑑1 + 𝑑2 + 𝑑3 + 𝑑4) + 𝜑𝑚𝑖𝑟𝑟𝑜𝑟𝑠). This phase 

was then subtracted from the measured phase of sample (φmeasure). However, while doing so, we 

also subtract a phase change associated with the contribution of air with the same thickness as the 

sample (ds). Therefore, a phase change equal to k0ds needs to be added back, which leads to a total 

phase change through the metamaterial sample to be: 

𝜑𝑆𝑎𝑚𝑝𝑙𝑒 = 𝜑𝑚𝑒𝑎𝑠𝑢𝑟𝑒 −𝜑𝐴𝑖𝑟𝑆𝑐𝑎𝑛 + 𝑘0𝑑𝑠 .        Eq. 8.7 
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CHAPTER 9 

FORGING AND TAMING FANO RESONANCE AND ELECTROMAGNETICALLY 

INDUCED TRANSPARENCY BY COUPLED TERAHERTZ METAMATERIAL FILTER 

AND ABSORBER 

 

Integrating a terahertz bilayer wire-grid metamaterial filter with perfect metamaterial 

absorber, we present a novel platform to easily create and tune Fano resonance with intriguing 

physical mechanism behind it. The main advantage of our smart multilayer design over other Fano 

metamaterials is the independent control of dark and bright states without any mutual influence 

and with a large tuning flexibility. Such characteristic allows creation of multiple Fano resonances 

in a very facile fashion to narrow the transmission window of metamaterial filter and thereby to 

make an easily tunable electromagnetically induced transparency response. Additionally, 

illuminating the structure in reverse direction demonstrates black-hole like characteristic of the 

structure by which terahertz radiation is focused in a subwavelength spot size with a 

subwavelength focal length. This structure would open a new pathway in designing ultrasensitive 

devices with potential applications in imaging, biosensing, and communications.  

 

9-1. Introduction 

Metamaterials, arrays of subwavelength resonant building blocks i.e. meta-atoms, have 

been the focus of growing interest for both fundamental research and practical applications [1-6]. 

These electromagnetic structures are very promising in developing low cost, ultrasensitive, and 

easy-to-use in room-temperature devices particularly for terahertz (THz) band to fully exploit 



168 

 

wide-range potential applications of this scientifically rich spectrum [7-10]. Beside atypical 

characteristics such as negative refraction, subwavelength imaging, and perfect absorption, 

metamaterials emulate some well-known quantum phenomena e.g. Fano resonance [11] and 

electromagnetically induced transparency (EIT) [12 and 13] both of which were originally 

observed in atomic systems as a result of coherent destructive interference between narrow discrete 

resonances with a continuous spectrum [14-18]. The destructive coupling in Fano systems leads 

to ultra-narrow asymmetric spectral profile and sharp phase variation across the Fano dip whereas 

in EIT systems it results in emergence of a narrowband transparency window inside the continuum. 

Most widely used approaches up to date, if not all, to realize Fano resonance and EIT by 

metamaterials rely on two dimensional metamaterials (i.e. metasurfaces) such as symmetry broken 

meta-atoms [19-23] dipole-quadrupole coupled nano-antennas [24-26], detuned 

plasmonic/dielectric resonator pairs [27 and 28], and symmetric plasmonic oligomers [29-32] with 

potential applications in biosensing [33 and 34], enhanced nonlinear optics [35-37], optical 

communications [38-40], and nano-lasing [41 and 42]. Very sharp Fano and EIT resonances have 

been reported by using metasurfaces in which the strong destructive near filed coupling between 

super-radiant (bright modes) and sub-radiant meta-atoms (dark modes) generates such ultra-sharp 

resonances. However, such strong near field coupling between meta-atoms extremely limits 

independent control of both dark and bright modes simultaneously which is highly desired in 

various areas such as in enhanced nano-lasing to facilitate selecting and exciting absorption and 

emission frequencies of spaser’s gain medium [41 and 42] and in ultrahigh-sensitive biosensing to 

easily and efficiently target molecular fingerprints [31 and 34].  

In this letter, integrating a bilayer wire-grid metamaterial filter (as the bright meta-atom) with 

perfect metamaterial absorber (as the dark meta-atom), we present a novel platform to easily create 
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and effectively tune Fano resonance. Our multilayer structure is advantageous over Fano and EIT 

metasurfaces by four factors. First and the most striking one is the independent controlling of both 

dark and bright states without any mutual influence between them. Second, flexibility of our design 

to tune and modulate the frequency and amplitude of Fano and EIT resonances is at least three 

parameters more than metasurfaces. Third, our structure notably facilitates creating multiple Fano 

resonances in an engineered fashion to obtain multispectral response or to narrow the transmission 

window of metamaterial filter and thereby to create an easily tunable EIT response. Forth, 

illuminating the structure in reverse direction resembles the characteristic of an artificial black hole 

[ 43 and 44] by which THz radiation is focused in a subwavelength spot size with a subwavelength 

focal length where the sensitivity of the device to its environmental variations is expected to 

increase.  

 

9-2. Results and Discussion 

Figure 9.1a shows a schematic illustration of our designed structure. As seen in the figure 

the structure is composed of five layers; wire-grids (stripes) followed by a dielectric cavity and 

another wire-grids (stripes) to form the metamaterial filter, then a dielectric spacer with metal cut-

wires on top to integrate a metamaterial absorber into the filter. The unit cell of this structure is 

demonstrated in Fig. 9.1b along with a top view projection of that in Fig. 9.1c where all dimensions 

are in micrometer. The length of cut-wires, number of them and spacing between them will change 

from that of in Fig. 9.1a to achieve desired functionalities in the course of this study.  
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Fig. 9.1. Schematic picture of the designed Fano metamaterial. a. Schematic 

illustration of the designed Fano metamaterial composed of five layers; Cu wire-

grids (stripes) followed by polyimide film as the dielectric cavity and another Cu 

wire-grids (stripes) to form the metamaterial filter, then another polyimide layer as 

dielectric spacer with Cu cut-wires to form and integrate metamaterial absorber to 

the filter, b. demonstration of the unit cell of Fano metamaterial, and c. top view 

projection of the unit cell of Fano metamaterial with all dimensions in micrometers.      

 

 

To design all structures finite element method was utilized by using Comsol Multiphysics 

software tool. Periodic conditions were applied for all side boundaries perpendicular to wire-grids 

and two ports with characteristic impedances matched with air were used for front and back 

boundaries. Cu with conductivity of 6×107 S/m was selected for wire-grids and cut-wires whereas 

polyimide with dielectric constant of 3.15 - 0.1j was employed for the cavity and spacer. Incident 
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THz wave illuminates the structure at a normal angle with polarization parallel to wire-grids and 

cut-wires. The design can be fabricated by using standard lift-off photolithography, metal 

deposition, and polyimide spin coating to obtain a thin flexible THz device.  

Wire-grids are widely used as optical filters or polarizers with a high-pass spectral 

transmission response whose large bandwidth is governed by width of stripes and their spacing 

[45-47]. The normally incident wave with polarization parallel to stripes is perfectly reflected at a 

target frequency below the cut-off frequency of the wire-grid filter. However, if two layers of such 

wire-grids are brought together via a subwavelength dielectric cavity, such a normally incident 

wave will transmit through the structure as a result of the near filed plasmonic coupling between 

Cu stripes of different layers [48 and 49]. The transmission spectrum of this bilayer wire-grids (i.e. 

metamaterial filter) demonstrates highly transparent windows whose bandwidths and central 

frequencies are adjustable by the width of Cu stripes, spacing between them, and by the thickness 

and optoelectronic properties of the cavity. If such a metamaterial filter with high transmission 

supports a large bandwidth, it is highly desired as the super-radiant (bright) meta-atom in EIT 

metamaterial. Figure 9.2a depicts schematic illustration of the unit cell of such bright meta-atom 

that is designed to support a fairly large bandwidth to be used as the super-radiant (bright) state of 

our Fano metamaterial. Simulated spectrum of this metamaterial filter is demonstrated in Fig. 9.2d 

where it shows a transmission window centered at ~ 0.90 THz with a full width at half maximum 

(FWHM) bandwidth of 0.11 THz resulting in quality factor equal to 8.12. In contrast to super-

radiant (bright) meta-atom, a sub-radiant (dark) meta-atom needs to possess negligible radiative 

loss with a narrow spectral linewidth. 
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Fig. 9.2. Frequency response of metamaterial filter, metamaterial absorber, 

and Fano metamaterial. a-c. Metamaterial wire-grid filter, metamaterial absorber, 

and Fano metamaterial formed by integration of metamaterial absorber into the 

filter, respectively and d-f are their associated simulated transmission, absorption 

and transmission spectra, respectively. 

 

 

Perfect metamaterial absorber that completely absorbs incident radiation at a very narrow 

spectrum suits very well for such characteristics. This structure which has been studied extensively 

consists of three layers; Cu backplane followed by a dielectric spacer and a frequency selective 

surface (FSS) [6 and 50] . A schematic illustration of the unit cell of a perfect metamaterial 
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absorber that we designed as the sub-radiant (dark) meta-atom for our Fano metamaterial is shown 

in Fig. 9.2b along with its simulated absorption spectrum in Fig. 9.2e where ~ 90% absorption is 

observed at ~ 0.90 THz with 0.024 THz FWHM bandwidth and with a quality factor of ~ 37.5. As 

seen in Fig. 9.2b, two cut-wires with identical dimensions (15 by 0.2 by 97 µm3) are used as the 

FSS and a Cu stripe with the same dimensions as wire-grids is applied for the backplane. It is 

worth mentioning that we intentionally use stripe instead of a full Cu plane (300 by 150 µm2) for 

backplane of the absorber to allow integration of metamaterial absorber into the metamaterial 

filter. Our smartly designed Fano metamaterial is thus formed by integrating the metamaterial 

absorber into the filter which is demonstrated in Fig. 9.2c. Figure 9.2f shows simulated 

transmission spectrum of such a Fano metamaterial where a broadband transmission is split into 

two line shapes with an asymmetric profile which is an important characteristic of the well-known 

Fano resonance. Comparison between Figs. 9.2d-f shows that integrating metamaterial filter with 

metamaterial absorber does not affect the resonance frequencies of dark and bright meta-atoms. 

This striking feature, i.e. independent coupling of dark and bright meta-atoms, in our Fano 

metamaterial extremely facilitate targeting the Fano dip (absorption frequency) at a desired 

frequency inside the broadband transmission window to obtain an asymmetric line shape at will. 

For instance, choosing the Fano dip at ~ 0.90 THz interestingly resulted in two very akin 

asymmetric Fano profiles in Fig. 9.2f.  

For another example, increasing the length of cut-wires from 97 µm in Fig. 9.2c to 101 µm 

in Fig 9.3a redshifts the absorption frequency form ~ 0.90 THz to ~ 0.88 THz and as result a Fano 

dip is created exactly at ~ 0.88 THz without shifting broadband transmission window of the 

metamaterial filter (Fig 9.3d).  
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Fig. 9.3. Independent control of dark state (absorption band) in the designed 

Fano metamaterial and the creation of EIT response by using two dark states 

along with a bright state. a and b. Fano metamaterials with 101 µm and 95 µm 

long cut-wire, respectively along with their associated transmission spectra in d and 

e, and c. a Fano/EIT metamaterial possessing both 101 µm and 95 µm long cut-

wires as the FSS, with f. as its transmission spectrum demonstrating the 

characteristics of EIT response. 

 

 

Likewise, reducing the length of cut-wires to 95 µm (Fig. 9.3b) creates a Fano dip at 

absorption frequency of ~ 0.93 THz without any influence on transmission frequency of 

metamaterial filter (Fig. 9.3e). As a result of this independent control of bright and dark states, 

applying both 95 µm and 101 µm cut-wires on FSS (Fig. 9.3c) generates two Fano dips at ~ 0.88 
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THz and ~ 0.93 THz, respectively (Fig. 9.3f) where a narrowband EIT-like transparency window 

appears in between them with a transmission of ~ 80% and a quality factor of ~ 25. In this structure, 

modulation of EIT response in both frequency and amplitude is easily feasible by shifting Fano 

dips to either lower or higher frequencies or by changing the thickness and optoelectronic 

properties of dielectric spacer. Such a smart design of Fano metamaterial additionally provides us 

with the opportunity to create and engineer multiple Fano dips by adding cut-wires of various 

lengths on top of the spacer in front side of structure (or even can be added to the back) to produce 

multispectral responses and multiple EIT resonances useful in imagers and ultrafast all optical 

communication systems [51].  

Beside varying cut-wires or dielectric spacer, tailoring metamaterial filter offers other 

flexibilities in modulating EIT response in our structure. In this method, dark modes (Fano dips) 

can be fixed and bright mode (broadband transmission window of metamaterial filter) can be 

tuned. To tune the response of metamaterial filter at least three parameters can be considered such 

as center to center lateral distance between stripes of two different layers, thickness of the cavity, 

and optoelectronic characteristics of it. For example, sliding stripes of different layers relative to 

each other changes the lateral distance between them from 0 to d which is shown in inset of Fig 

9.4a. As a result, broadband transmission window of metamaterial filter will relatively undergo a 

blueshift dependent upon the value of d and therefore the amplitude of narrowband EIT window 

will be modulated. Figure 9.4a demonstrates such a modulation through changing d from 0 µm to 

40 µm where the amplitude of EIT window at ~ 0.9 THz reduces from ~ 80% to ~ 30%. Figure 

9.4b shows another example of tuning EIT response via tailoring metamaterial filter which is done 

by changing the dielectric constant of the cavity. Decreasing dielectric constant of the cavity also 

blueshifts the wideband transmission window of metamaterial filter by which the amplitude of EIT 
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response is modulated. As demonstrated in Fig. 9.4b, the amplitude of EIT window at ~ 0.9 THz 

decreases from ~ 80% to ~ 20% by reducing dielectric constant of the cavity (eps) from 3.15 to 

2.25.     

 
Fig. 9.4. Modulating the amplitude of EIT response by altering the structure 

of metamaterial filter. a and b. Amplitude modulation of EIT response by lateral 

displacement of stripes, d, in two layers relative to each other and by changing the 

dielectric constant, eps, of the cavity, by increasing d in (a) and by reducing eps in 

(b) wideband transmission window of metamaterial filter blueshifts while 

absorption frequencies (Fano dips) are fixed which leads to reduction in amplitude 

of EIT response.   
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Analyzing the electric field and Poynting vectors of our designed Fano metamaterial 

exhibits another interesting observation with intriguing physical mechanism behind it. Figure 9.5a 

shows a top view illustration of simulated electric field and Poynting vectors (white arrows) of the 

Fano metamaterial with 97 µm long cut-wires at 0.9 THz where the structure is illuminated from 

left to right (forward direction).  

 
Fig. 9.5. Top view illustration of electric filed and Poynting vectors in our Fano 

metamaterial illuminated in forward and revers directions. a. Top view 

illustration of electric field and Poynting vectors for Fano metamaterial with two 

97 µm long cut-wires when it is illuminated from forward direction (left to right). 

b. Fano metamaterial with two 97 µm long cut-wires but when it is illuminated from 

reverse direction (left to right), and c. Fano metamaterial with just one 97 µm cut-

wire when it is illuminated from reverse direction. Vectors K are added to 

demonstrate the direction of illumination and light blue lines are added to show the 

Fano metamaterials with their associated cut-wires.   
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This figure shows that there is a strong localized electric field around cut-wires and within 

the gaps between stripes. In this structure, incident THz radiation is partially absorbed by the 

absorber as a result of interaction between cut-wires and backplane but it also partially transmits 

through the gaps between stripes due to the plasmonic coupling between stripes of different layers. 

However, when the structure is illuminated in a reverse direction, i.e from right to left, a substantial 

difference is observed in the electric field profile and Poynting vectors, despite an unchanged 

transmission spectrum. Figure 9.5b illustrates the electric filed and Poynting vectors of the same 

structure illuminated in reverse direction at 0.9 THz. This figure shows that some THz waves that 

are transmitted through the gaps are bent back toward the cut-wires and are trapped within the 

absorber, similar to artificial black holes made by metamaterials Error! Bookmark not defined. Error! 

Bookmark not defined.. On the other hand, some other THz waves are inclined toward the cut-wires but 

they escape from trapping by the absorber and instead keep transmitting. Consequently, such 

transmitted THz waves are partially focused in ~ 100 µm proximity of the structure with 

subwavelength spot size of ~ 70 µm. Such black-hole and focusing characteristics are also 

observable at Fano dip even if one cut-wire is just used in the absorber where the cut-wire is 

relatively far away from gaps, compared to the structure with two cut-wires (Fig. 9.5c). We believe 

that such a focusing feature would increase the sensitivity of our structure to its environmental 

variation compared to previously reported Fano metasurfaces, which could support potential 

applications in imaging and biosensing.  

 

9-3. Conclusion 

In summary, integrating a THz metamaterial filter with perfect metamaterial absorber, we 

introduced a novel route to easily create and tune Fano resonance. We demonstrated that our 
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multilayer structure is very advantageous over Fano metasurfaces. The most striking feature of our 

design is the independent control of dark and bright states which extremely facilitates creation of 

multiple Fano resonances in an engineered fashion to narrow the transmission window of 

metamaterial filter and thereby to make an easily tunable EIT response. Our smart design offers 

more parameters to modulate Fano and EIT responses compared to Fano metasurfaces.  

Additionally, we showed that illuminating the structure in reverse direction demonstrates black-

hole like characteristic through which THz radiation is focused in a subwavelength spot size with 

a subwavelength focal length. We believe that this structure will pave a new avenue in designing 

devices with potential applications in biosensing, imaging, and communications. 
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CHAPTER 10 

CONCLUSION AND FUTURE WORK 

 

In this dissertation we designed, fabricated, and characterized THz metamaterials to gain a 

deeper fundamental understanding of interaction between them and THz waves for sensing and 

communication applications. From sensing point of view our study was focused on perfect 

metamaterial absorbers. After introduction and methodology chapters, a dynamic circuit model 

was presented for perfect metamaterial absorbers in chapter 3. We showed that the response of this 

model fits very well to the absorption spectrum of metamaterial absorbers with Lorentzian 

responses. The model interprets absorption mechanism of metamaterial absorbers based on 

interference theory of reflected waves. 

In chapter 4 we developed a hybrid algorithm which was based on theoretical calculations, 

absorption mechanism, and fitting to obtain the values of the parameters of the circuit model for 

our designed polarization independent metamaterial absorber We demonstrated that the model 

along with the hybrid algorithm determines the effect of structural elements of metamaterial 

absorber on its absorption response, both quantitatively and qualitatively. Additionally, our unique 

model along with the applied hybrid algorithm interprets the polarization independent response of 

the designed metamaterial absorber.  

In chapter 5, inspired by stereoisomers in chemistry we introduced a perfect 

stereometamaterial absorber. Different spatial positioning of meta-atoms in stereometamaterials 

results in distinct optical properties of them where the response of stereometamaterials are 
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polarization sensitive, similar to stereoisomers. Integrating a stereometamaterial FSS into a Cu 

backplane we designed our stereometamaterial absorber. The FSS was indeed composed of two 

Cu rings which were tightly close to each other via a very subwavelength polyimide film. We 

showed that lateral movement between two rings leads to multifunctional characteristics of 

stereometamaterial absorber such as single band and broadband absorption which are controllable 

by polarization of the incident THz radiation. In particular, when the lateral distance between two 

rings is equal to 12 µm, an absorption/reflection switching behavior was observed which is tuned 

by altering the incident polarization angle from 0˚ to 90˚. We also interpreted the underlying 

physics and the polarization dependent response of our stereometamaterial absorber by analyzing 

dipole moments and current densities created on rings and Cu backplane. Interestingly, we 

observed that the structure exhibits chirality when the incident THz wave shines the structure with 

45˚ polarization angle. 

Although, in chapters 3, 4, and 5 the response of metamaterial absorber was adjusted by 

altering the configuration or dimensions of the structures, in many applications dynamically and 

actively tunable devices are desirable. In order to dynamically tune the response of metamaterial 

absorber, in chapter 6 we utilized a liquid crystal cell as the spacer between Cu backplane and FSS. 

We designed and fabricated a complementary SRR as the FSS of absorber in order to create a 

uniform bias electric field between FSS and backplane. The presence of uniform bias electric field 

guarantees optimum alignment of liquid crystal molecules by applying a low frequency bias 

voltage. We showed that while the resonance frequency at 0.567 THz shifts by ~4.5 GHz by 

applying a 1 kHz voltage from 0 V to 5 V between FSS and backplane, the FWHM bandwidth and 

absorbance maintains at 0.025 THz and 90%, respectively. Simulation demonstrated an 

unexpectedly small increase of liquid crystal isotropic effective refractive index from 1.560 to 
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1.595 by increasing the applied voltage from 0 V to 5 V. We analyzed the electric field of THz 

radiation inside liquid crustal where it demonstrated that the fringing scattered fields of CSRR 

inside LC is not polarized in a single and optimum direction. This indicates that the configuration 

of CSRR plays a significant role in device performance that should be taken into account for better 

and optimum designing of liquid crystal tunable metamaterial absorbers.  

For communication application of THz metamaterials, our studies are centered on EIT 

metamaterials. In chapter 7, we presented a DSRR structure where the interaction between small 

and large SRRs resulted in appearance of a transparency window. In this structure, the small SRRs 

created a Fano resonances while the large SRRs produced Lorentzian resonances. When two 

resonances were close to each other due to the destructive palsmonic coupling between small and 

large SRRs an EIT response was observed. In particular, we developed a unique experimental and 

theoretical approach in order to estimate the effective thickness of EIT metamaterials. Applying 

this approach on our EIT metamaterials fabricated on 400 µm and 2 mm Si substrates resulted in 

group delay and velocity spectra that matched very well for both experiment and simulation. We 

first obtained 2 ps group delay at transparency window between Fano and Lorentzian resonances. 

However, additional study on the effect of spectral spacing between Fano and Lorentzian 

resonances on slow light demonstrated that when this spectral distance reduces from 0.2 THz to 

0.04 THz, the group delay increases from 2 ps to 7 ps.  

In chapter 8, we represented a thin and flexible EIT metamaterial by hybridizing two 

DSRRs into a single unit cell. The response of this novel EIT metamaterial is tunable by twisting 

the small SRRs in the unit cell. We demonstrated that the magnetic interaction between two twisted 

DSRRs leads to splitting a single resonance frequency into two split modes where the transparency 

window is created between them at 0.280 THz. We obtained 7 ps delay at 0.280 THz in both 
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experiment and simulation where the speed of THz radiation was reduced by 0.06 times of that n 

air. Interestingly, we showed that if one of DSRRs is flipped in EIT structure, the EIT response 

disappears. We designed an electric circuit model such that it fitted very well to the response of 

both EIT and non-EIT structures. Our model uniquely quantified the so called destructive coupling 

between two states as the origin of generation of EIT in EIT metamaterials.  

In chapter 9, we introduced a novel platform to easily create and tune Fano resonance by 

integrating a terahertz bilayer wire-grid metamaterial filter with a perfect metamaterial absorber. 

We verified that our multilayer structure is advantageous over Fano and EIT metasurfaces by four 

factors. First and the most striking one is the independent controlling of both dark and bright states 

without any mutual influence between them. Second, flexibility of our design to tune and modulate 

the frequency and amplitude of Fano and EIT resonances is at least three parameters more than 

metasurfaces. Third, our structure notably facilitates creating multiple Fano resonances in an 

engineered fashion to obtain multispectral response or to narrow the transmission window of 

metamaterial filter and thereby to create an easily tunable EIT response. Forth, illuminating the 

structure in reverse direction resembles the characteristic of an artificial black hole by which THz 

radiation is focused in a subwavelength spot size with a subwavelength focal length where the 

sensitivity of the device to its environmental variations is expected to increase. We believe that 

this novel design and platform will find practical applications in biosensing, bioimaging, and 

communications systems. 

The study in this dissertation will help to design practical THz devices based on 

metamaterial structures with high sensitivity, frequency selectivity, and dynamically tunable 

response that can be easy to use and can work in room-temperature with applications in biosensing, 

imaging, security, and communications. 
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APPENDIX 

 

A-1. Coupling between DSRRs in Counter-Directional Structure 

Here, we illustrate the simulations results when the center to center distance between 

DSRRs in counter-directional twisted structures is 120 µm (two DSRRs are very close to each 

other in the unit cell) and when there exists only one DSRR in the unit cell. Figures A.1a and b 

demonstrate the simulated transmission spectrum for these two structures, respectively.  

 
Fig. A.1. Transmission spectrum of counter directional structures 

demonstrating the effect of coupling between DSRRs. a. when center to center 

distance between DSRRs is 120 µm and b. when there is just one DSRR in the unit 

cell. 
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As it is observed in the figures, all characteristics associated with counter-directional structures 

such as the red and blue shift of resonance frequencies and disappearing of the second resonance 

at -45˚are preserved, which verifies that the aforementioned characteristics are as a result of 

interaction between small and large SRRs in the unit cell and the interaction between DSRRs does 

not affect these characteristics.   

 

A-2. Hybridized Counter-Directional Twisted DSRRs 

To enlighten the origin of the red and blue shifts of fres.1 and fres.2, we analyze the current 

density distributions at resonance frequencies in SRRs for two cases of -90° and 90° rotations 

which are obtained by simulation. Figures A.2a and e show the x component of current densities 

in SRRs for -90˚ structure at fres.1 and fres.2 frequencies, respectively, and Figs. A.2c and g illustrate 

corresponding current densities at fres.1 and fres.2 for 90˚ case. A schematic representation of SRRs 

have been demonstrated in Figs. A.2b, d, f, and h to elucidate the direction of created currents in 

SRRs (black circular vectors) and their associated magnetic fields (green centrifugal (×) and 

centripetal (.) signs). The created resonances in all structures are the first order resonances in which 

an electric dipole moment is formed within the gap with opposite poles on either side of it (blue - 

and + signs in figures). The first order resonating currents in SRRs can be found by direct coupling 

of the incident electromagnetic wave into SRRs if the incident electric field has a component along 

the gaps, or through the induction from another SRR. fRes.1 in our structure is an example of former 

case which is mainly due to the coupling of the incident electric field into the gap of large SRRs 

although their resonance frequencies are altered by rotating the small SRRs. The latter case is 

found in the structure with 0° rotation where the gap of small SRRs is orthogonal to the incident 

electric field. In this case, the observed resonance at fRes.2 is merely due to the induction from large 
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SRRs. It is worth mentioning that current density in small SRRs shown in Fig. A.2 increases 

continuously when they are rotated from -90° toward 90°.   

 
Fig. A. 2. Current density distribution and the interaction between created magnetic an 

electric moments. Current density of SRRs at the first resonance in -90° structure (a) and in 90° 

structure (c). Schematic representation of SRRs demonstrating current density (black arrow) and 

the created magnetic and electric moments at first resonance in -90° structure (b) and in 90° 

structure (d). Current density of SRRs at the second resonance in -90° structure (e) and in 90° 

structure (g). Schematic representation of SRRs demonstrating current density (black arrow) and 

the created magnetic and electric moments at the second resonance in -90° structure (f) and in 90° 

structure (h). i. The energy level diagram to interpret shift of resonance frequencies according to 

the interaction between moments. 

 

 

A similar behavior is seen at fRes.2 for large SRRs. Nonetheless, the major difference 

between fRes.1 and fRes.2 is the direction of currents in small and large SRRs. At fRes.1, the currents 

in small and large SRRs are in the same direction, while at fRes.2, they are in opposite directions. 
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This is in fact the primary reason for red shift of fRes.1 and blue shift of fRes.2 in the course of rotation 

from -90˚ to 90˚, by considering the magnetic fields created by those currents. Figure A.2i displays 

the energy level scheme to interpret the shift of resonance frequencies depending on the type of 

interaction between electric, or magnetic moments. According to the energy level diagram, parallel 

moments will repel each other leading to an increase in the restoring force between them and hence 

frequency blue shift, while anti-parallel moments will attract each other resulting in a decrease in 

the restoring force between them and thus frequency red shift. 

From Fig. A.2a, it is observable that the current in small SRR in -90˚ structure is negligible 

at fRes.1. Therefore, there exist no or the least interaction between the magnetic (electric) moments 

of small and large SRRs (Fig. A.2b). However, at the same resonance frequency, fRes.1, by moving 

toward 90˚ structure (Fig. A.2c), the current density in small SRRs continuously increases and the 

created magnetic (electric) moments between large and small SRRs (along the gaps) oscillate in 

opposite directions. Consequently, according to the energy level scheme the resonance frequency 

will relatively red shift depending on the strength of magnetic moments between SRRs and the 

direction of interacting electric moments relative to each other. Like the first resonance (fRes.1), the 

created currents at fRes.2 in large SRRs and hence their associated magnetic field increase by 

rotating small SRRs from -90˚ to 90˚ (Figs. A.2e and g), but in contrast to fRes.1, the magnetic 

moments between SRRs are oriented in the same direction (Figs. A.2f and h). It is also noticeable 

that the electric moments of small and large SRRs at -90˚ case are oriented in opposite directions 

(Fig. A.2f), whilst at 90˚structure they possess the same direction (Fig. A.2h). Thus, conforming 

energy level diagram, fRes.2 will experience a blue shift and again the amount of this blue shift 

depends on the strength of the magnetic moments between SRRs and the orientation of electric 

moments of SRRs interacting with each other. 
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Fig. A.3. Schematic illustrations of half of the unit cells for 45° and -45° counter directional 

twisted DSRRs and their associated electric models. Schematic illustration of 45° (a) and -45° 

(c)  structure with their coupled (IB) and induced (IS) currents and their associated electric model 

respectively in (b) and (d).   

 

 

The absence of the second resonance at -45˚ structure and the reduction of transmission at 

this resonance by twisting the small SRR toward 90˚ can be interpreted by means of an electric 

model. For the sake of this interpretation, we focus in two cases of rotation of small SRRs by 45˚ 

and -45˚. The others can be interpreted in a similar manner. Figure A.3a represents the half of the 

unit cell of the 45˚ rotated structure with its equal circuit model displayed in Fig. A.3b. 

Correspondingly, the half of the unit cell of -45˚ rotated structure and its equal circuit model have 

been demonstrated in Figs. A.3c and d. We model each SRR as a RLC circuit, where RS and RB 

are respectively the resistances of the small and large SRRs, and LS and LB are their corresponding 

inductances. Since both SRRs possess the same width, thickness, and gap dimensions, their 

equivalent capacitances will be equal which are denoted by C. While the incident electric field 
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fully couples into the large SRR (Ecpl) and creates current IB, it partially couples (√2/2Ecpl) into the 

small SRR that excites the resonating current IS. To model this coupling scheme, two voltage 

sources are used to mimic the coupling of the incident electric field into small (VS) and large (VB) 

SRRs. Since large SRR is not rotating, VB will maintain a constant value and direction, but the 

value and direction of VS will change dependent on the rotation of small SRR. Ultimately, the 

interaction between two SRRs is modeled as a mutual inductance denoted by M. This mutual 

inductance will induce a current on each SRR in the opposite direction of its source current. For 

instance, the inducted current from the large SRR into the small one is represented by IM which is 

in opposite direction of IB. It should be noted that a similar current will be inducted into the large 

SRR from the small one which has not been demonstrated in the figure. When the rotation angle 

of small SRR is between -90˚ and 0˚, the incident electric field couples into the gap of small SRR 

in such a manner that the excited current IS is in the opposite direction of IM as shown in the Figs. 

A.3c and d. In the special case of -45˚ structure, these two anti-parallel currents are of the same 

magnitude and therefore they cancel out each other leading to disappearance of the second 

resonance. Contrarily, when the rotation angle is between 0˚ and 90˚, both IS and IM possess the 

same orientation shown in the Figs. A.3a and b, therefore they will amplify each other giving rise 

to a gradual decrease in the transmission of the second resonance in the course of rotation of small 

SRR from 0˚ towards 90˚. 


