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ABSTRACT 

 

 

The function of metamaterials targeted for operation at terahertz frequencies was 

investigated including split-ring resonators, perfect absorbers, and flexible absorbers.  The 

devices were designed through simulation by finite element method commercial software and 

fabricated by photolithographic lift-off process using electron beam evaporation for the 

deposition of metal layers.  The terahertz time domain spectroscopy measurement technique was 

used to characterize the devices in both transmission and reflection modes.  Each device was 

composed of arrays of subwavelength resonant structures. 

The split-ring resonator study focused on the effects caused by the addition of a 

passivation layer, which served to effectively lower the resonant frequencies of the rings, as well 

as the addition of a second layer of rings that led to a broadening of the resonant response of the 

structures.  The perfect absorber investigation was focused on the polarization insensitive nature 

of the frequency selective surface elements.  A mechanism for this property was proposed along 

with an equivalent circuit model that can describe and predict the resonant behavior.  The perfect 

absorber were based on a unit cell structure with four-fold symmetry that consisted of a metal 

ground, a polyimide dielectric spacer layer, and top frequency selective surface layer.  The 

flexible absorber chapter reports the simulation and characterization of perfect absorber 

structures fabricated on a polyimide flexible substrate that consisted of a metal ground plane, a 

dielectric spacer, and a frequency selective surface composed of two layers of differently sized, 

nonconcentric, circular rings separated by another dielectric spacer layer.  Specifically, the 

frequency selective surface was seen to exhibit a frequency response dependent upon the 
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position of the individual resonant elements with respect to each other.  The functionality of the 

flexible absorbers during deformation was also evaluated through the use of two custom 

designed vacuum holders.  Characterization of the flexible absorbers before and after removal 

from the sacrificial substrate, as well as under both types of deformation, revealed that the 

structures had little change in functionality.  The flexible absorbers were shown to be suitable for 

future incorporation in sensing applications and to have the potential to lead to future 

applications in cloaking.   
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CHAPTER 1 

INTRODUCTION 

1.1. Introduction 

 The terahertz region of the electromagnetic spectrum holds much promise for a variety of 

different applications due to the unique interaction of materials with radiation at these 

frequencies.  However, it remains challenging to manipulate terahertz frequency radiation.  

Metamaterials, which are composite materials consisting of arrays of subwavelength resonant 

structures that give rise to exotic electromagnetic properties, can enable the manipulation of 

terahertz frequency radiation.  This work includes a basic review of the terahertz region of the 

electromagnetic spectrum and covers some of the applications for radiation at these frequencies.  

A similar review for metamaterials and metamaterial-based applications is also presented.  The 

main body discusses the investigation of three specific metamaterial devices including split-ring 

resonators, metamaterial perfect absorbers, and flexible absorbers with focus being on the 

fabrication and characterization of the structures and comparison of the measured response to 

simulation.  Some of the important contributions of this work are the explanation of polarization 

insensitivity in the four-fold symmetric metamaterial perfect absorber, and the development of a 

flexible metamaterial fabrication procedure as well as new methods for device sensing 

measurements.  Finally, the results of this work showed all three metamaterial devices to be 

suitable for future sensing applications and that the flexible absorbers hold promise for leading to 

future applications in cloaking. 
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1.2. Dissertation Organization and Structure 

 This dissertation continues in Chapter 2, with an overview of terahertz technologies.  The 

chapter is divided into three subsections. The first of these covers some the unique properties of 

terahertz frequency radiation as well as means for generation and detection at these frequencies.  

The second subsection covers some of the applications that have been realized for radiation in 

this range of the electromagnetic spectrum.  The chapter ends with a discussion of the advantages 

and disadvantages of terahertz frequency radiation compared to other frequencies such as X-rays. 

 Chapter 3 provides background coverage on the subject of metamaterials.  The chapter 

begins with a brief explanation of the interaction of light and matter.  The subject is discussed 

through Maxwell’s equations and the refractive index.  The second subsection defines the term 

‘metamaterial’ and gives a description of the physics of metamaterials.  Chapter 3 concludes 

with a review of some of the various applications for which metamaterials have been used. 

 The fourth chapter goes into more depth on the terahertz time domain spectroscopy 

method.  It begins with an explanation of the operation of the terahertz time domain 

spectroscopic system which leads into a description of the system that was used for the 

measurements performed for this work.  Next, the system modification that enabled reflection 

mode measurement with our system, the Z-2, is covered, along with data collection and 

processing methods used for this work.  Finally, the terahertz imaging capabilities using the 

modified Z-2 are described. 

 Chapter 5 starts to focus on the major work of my research beginning with split-ring 

resonators.  The chapter begins with some background on the split-ring resonator, as well as the 

physical operation of the device.  Then the split-ring resonator simulation, fabrication, and 
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measurement procedures are detailed.  The results of the study are next explained with emphasis 

of the effects of the addition of a passivation layer and second layer of split-ring resonators. 

 Chapter 6 discusses the terahertz metamaterial perfect absorbers.  The chapter begins 

with a literature review on the topic of metamaterial perfect absorbers and explains to motivation 

for the work covered in Chapter 6.  The simulation, fabrication, and measurement of both 

polarization dependent and insensitive absorbers in this project are next discussed, followed by a 

summary of the results and conclusion. 

 Chapter 7 covers flexible absorbers starting with background on flexible metamaterial 

devices and the inspiration for the work.  Then the device simulation, fabrication, and 

measurement are described in detail.  The chapter ends with the comparison of simulation and 

measurement results as well as a conclusion. 

 The dissertation concludes with Chapter 8 which provides a summary of the findings of 

the split-ring resonator, perfect absorber, and flexible absorber projects.  This chapter ends with a 

discussion of possible future work for these projects.  
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CHAPTER 2 

TERAHERTZ TECHNOLOGIES BACKGROUND 

2.1. Description of Terahertz Technologies 

Over the past two decades, research in the terahertz frequency range of the 

electromagnetic spectrum has expanded greatly.  This frequency range extends from 0.1 THz to 

10 THz, corresponding to wavelengths from 30 μm to 3 mm and photon energies from 0.4 meV 

to 40 meV, and lies in the overlapping region between the microwave and infrared ranges as 

shown in Figure 1.1. This part of the spectrum is commonly referred to as the terahertz gap and 

radiation in this region is often called T-rays.  It is called the terahertz gap because, unlike most 

of the rest of the electromagnetic spectrum, the conversion from electric power into 

electromagnetic radiation cannot be efficiently accomplished through the use of semiconductor 

devices.
1,2

 

 
Figure 2.1. The electromagnetic frequency spectrum. 

  

 

 

 Until the late 1960s, the Globar lamp, an electrically heated silicon carbide rod filament 

which emits radiation into the far infrared as a black body source, was the only means of 
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radiation generation at terahertz frequencies.  The first reports
3,4,5,6 

on the use of nonlinear 

crystals for optical difference-frequency mixing started in 1969.  Optical difference-frequency 

mixing occurs when two light beams are passed through a nonlinear crystal allowing a third 

frequency beam to be generated with a frequency that is the difference of the frequencies of the 

first two light beams.  This technique allowed the coherent generation of far-infrared radiation 

and eventually led to generation methods for terahertz frequency radiation including difference-

frequency generation, optical rectification, and photoconductive emission.  These methods 

helped generate strong interest in the field.  Both pulsed and continuous wave sources currently 

exist with different power outputs from a few nanoWatts to several tens of Watts in terms of 

average power using free electron lasers.   

 The current methods most often used for generation are photoconductive emission and 

optical rectification.  The optical rectification method was first discovered in 1984
7
 and 

successfully used in 1989.
8
  In is a process relying on low difference-frequency mixing wherein 

the polarization of a high intensity pulse of radiation is rectified by the nonlinear response of a 

crystal structure.  Common crystals used for optical rectification include LiNbO3, GaSe, GaAs, 

and ZnTe, with ZnTe being the most common because of its close phase-matching of the 

terahertz phase velocity to the group velocity of the high intensity pump pulse inside of the 

crystal.
9
  During the optical rectification process, the generated terahertz beam will be confined 

inside of the crystal due to total internal reflection unless it is coupled to a matching lens, 

typically sapphire or silicon, which allows the terahertz beam to escape into free space 

propagation.  The optical rectification method of generation maybe the most commonly used as 

it can generate broadband radiation with a range of 0.1 THz to 40 THz.
1
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 The photoconductive emission method utilizes a device called the photoconductive 

antenna and was developed during the same time period as the optical rectification method.
10,11,12

 

In a photoconductive antenna, broadband terahertz frequency radiation is generated by the 

acceleration and subsequent recombination of photocarriers created by the absorption of a high 

intensity laser pulse.  The laser photon energy must be greater than the bandgap of the crystal 

material used for the photoconductive antenna in order to effectively excite photocarriers.  

Common materials widely used for photoconductive antennas include LiTaO3
13

, InP
14

, InAs
15

, 

CdTe
14

, and GaAs.
14

  Often the photoconductive antenna will be biased with an applied electric 

field which forces the vector of the photocarrier acceleration.  This is accomplished by 

depositing thin, parallel metal strips across the crystal surface.  In others, the acceleration is due 

to a built-in surface depletion field. 

 The far field electric field of a radiated pulse from a photoconductive antenna can be 

given by: 

 
  ∫

    

 

   

   
     (2.1) 

where R is the distance between the antenna and the point of measurement, θ is the angle 

between the propagation direction and the dipole moment p.
16

  If we let L represent the mean 

free path of the photocarriers in the photoconductive antenna and q be the photocarrier charge, 

then it can be assumed that: 

      (2.2) 

and we can say that: 
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 (2.3) 

 The first derivative of the photocarrier charge with respect to time is of course the  

photocurrent.  Making the substitution and combining the equation with that for the far field 

electric field yields: 

 
  ∫

     

 

  

  
     (2.4) 

where dJ/dt is the transient photocurrent.  This equation shows that the electric field strength is 

inversely related to the propagation distance, but also proportional to the transient photocurrent.  

For this reason, the selection of the material used in the fabrication of a photoconductive antenna 

is of critical importance.  The antenna material should exhibit short recombination time.  

However, for pure crystals, recombination times are mostly too long.  To remedy this situation, 

defects can be introduced through the addition of dopants or defects which can act as traps or 

scattering centers thereby reducing recombination times.  It is also possible to avoid the problem 

by using crystals with large concentrations of inherent defects such as low temperature grown 

GaAs.  There is an unavoidable trade off, however, because high defect concentrations can lead 

increased elastic scattering and lower photocarrier mobility.  Studies have also shown that the 

photoconductive antenna can be made more efficient through the use of cryogenic cooling to 

increase mobility
17

 or by the use of an applied magnetic field.
18

 

The photoconductive antenna is also an effective means of detection.  The antenna must 

be photoexcited by the high intensity laser pulse of sufficiently high photon energy to allow the 

interband carrier transitions. When a pulse of terahertz radiation strikes the antenna at the same 
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time as the pump laser pulse, the surface current in the antenna will be proportional to the 

electric field of the incident terahertz pulse.   

Photoconductive antenna detection has some distinct advantages.  They exhibit high 

sensitivity in terms of signal-to-noise ratio due to the rejection of incoherent radiation from 

detection and the narrow sampling time per data point.  They are most often compact with the 

entire detector built into a small chip.  The use of a photoconductive antenna as a detector has an 

inherent drawback, however, in that they are difficult to align because the effective area of 

sensitivity tends to be quite small, usually on the order of tens to a few hundred microns, which 

results in a requirement for additional focusing optics and tremendous effort for alignment.  Even 

with the additional focusing optics, due to the diffraction limit of the terahertz beam, it is not 

likely to make the beam spot size small enough to collect the entire terahertz beam cross section 

during detection.  Photoconductive antennas also tend to have more narrow bandwidth than the 

other common method of detection—electro-optic sampling. 

Electro-optic sampling relies on the first order non-linearity, referred to as Pockels effect, 

in birefringent electro-optic crystals.  When a linearly polarized laser pulse propagates through 

the crystal, its polarization becomes circular with no shift in phase.  In the presence of an applied 

electric field, the birefringent nature of the crystal causes the polarization of the passing laser 

pulse in instead become elliptical due to a slight phase shift.  In our case, the electric field 

component of the terahertz pulse serves as the applied electric field.  The terahertz pulse 

ellipticity—the ratio of major and minor axes of polarization—is directly proportional the 

electric field of the terahertz pulse. 
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Electro-optic sampling of terahertz pulses was first demonstrated in 1995.
19

  The same 

materials used for generation through optical rectification methods can also be used for electro-

optic sampling detection.  One distinct benefit of electro-optic sampling for detection is a very 

large measureable bandwidth, from 0.1 THz to 100 THz, by using multiple materials (electro-

optic crystals) in the detection scheme.
20

  Like photoconductive antenna based detection, electro-

optic sampling can be difficult to align.  However, the area of sensitivity in an electro-optic 

crystal is much larger than that of a photoconductive antenna, allowing for a more complete 

collection of the terahertz pulse.  Another drawback of this method is that the temporal resolution 

is limited by the mismatch in the velocity of the laser pump pulse and the terahertz pulse.  This 

issue has been resolved through changes in emitter and detector designs.
21,22

 Another method for 

both generation
23

 and detection
24

 is the high electron mobility transistor, or HEMT.  Research 

into the use of HEMT structures for these purposes has been occurring in parallel with the 

photoconductive antenna and electro-optic sampling methods.  HEMTs are an especially 

promising means of detection because they offer the possibility for room temperature detection 

of both continuous wave and pulsed broadband radiation with great sensitivity and responsivity.    

HEMT-based terahertz detection occurs when plasma waves are excited by incident terahertz 

radiation and oscillate/resonate in the device channel provided the device dimensions and 

materials are selected to target the appropriate plasma frequency.  Common materials used for 

these devices include InGaAs, InAlAs, and InP to achieve the desired channel carrier (electron) 

density.  Gate lengths are typically in the submicron range.
25

  During operation, incident 

terahertz waves couple with the plasma resulting in plasmon excitation in the channel.  The 

generated plasmon current has a quadratic relationship to the product of the multiplication of the 

local carrier velocities and densities leading to a rectified current component.  This rectified 
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component can then be collected at the high-impedance drain contact allowing the HEMT to 

operate as a terahertz detector.   

These recent advances in the ability to generate and detect radiation at terahertz 

frequencies have enabled an ever growing number of applications for this region of the spectrum. 

 

2.2. Applications of Terahertz Frequency Radiation 

Spectroscopy for scientific research purposes using either narrowband tunable systems or 

broadband time domain systems is the most common application for terahertz frequency 

radiation.  Terahertz time domain spectroscopy which utilizes the time domain measurement of 

short broadband terahertz pulses, from which frequency dependent transmission or reflection can 

be obtained, has been commonly used for spectroscopy applications.  Many biomolecules exhibit 

characteristic vibrational modes at terahertz frequencies.  In particular, the responses of 

deoxyribonucleic acid (DNA)
26

, ribonucleic acid (RNA)
27

, and various proteins
28,29,30,31,32,33

 at 

terahertz frequencies have been studied using this technique.  It has been shown that terahertz 

frequencies are sensitive to the biomolecular functioning of DNA as both refractive index and 

absorption spectrum exhibit unique change as the DNA is altered from single-stranded to 

hybridized forms
34

, and can even be capable of detecting single point mutations.
35

  For proteins, 

terahertz frequencies have shown to be sensitive to thermal denaturing of bovine serum 

albumin.
36

  In this study, the denatured, pressed pelleted protein was seen to have a distinct 

change in the terahertz response arising from both structural vibrational modes and side chain 

rotational modes, similar to the results of a different study of cytochrome c, which is a 

mitochondrion membrane protein.
37
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Terahertz spectroscopy has also proven valuable for the determination of material 

properties in a variety of materials including polymers, crystalline dielectrics, and 

semiconductors.  Material properties such as transmission and reflection coefficients, 

permittivity, conductivity and refractive index can be obtained through terahertz spectroscopy.  

The first work done in this area was performed by Grischkowsky et al. in 1990 on materials 

including sapphire, quartz, fused silica, silicon, gallium arsenide, and germanium.
38

  For their 

work, they studied the absorption coefficient and refractive index for each material by utilizing 

the terahertz transmission spectrum.  In 1996, Duvillaret et al. reported a method for obtaining 

the refractive index of a material by measuring a homogeneous slice of uniform thickness, 

provided the material and its surroundings have a linear electromagnetic response and are 

magnetically isotropic.
39

  The method required the measurement of the transmitted frequency 

dependent terahertz amplitude from both the sample and the reference/substrate and used the 

equation: 

 
 ( )  

       ( )

          ( )
 

   (     )

(     )(     )
  

[  (     )
  
 
]
   ( ) (2.5) 

where ω is the angular frequency of the terahertz wave electric field, T(ω) is the complex 

transmission ratio, SSample(ω) and SReference(ω) represent the measured frequency dependent 

transmitted amplitude through the sample and reference, respectively, ñ1, ñ2, and ñ3 give the 

complex index of refraction of air, the sample, and the substrate, respectively, as illustrated in 

Figure 2.2, L is the sample thickness, and FP(ω) represents the forward and backward Fabry-

Perot reflection contributions to the transmission given by: 
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Figure 2.2. Diagram of a sample for terahertz spectroscopic measurement showing the  

refractive indices used for the calculation of material parameters. 

 

It was reported that in an optically thick sample, the Fabry-Perot contributions could be 

removed by selectively windowing the measurement which simply meant cutting the time 

domain raw data before the reflection occurred.  This was possible due to the fact that in an 

optically thick sample, the Fabry-Perot reflections occur temporally far away from the main 

pulse.  Because ñ1 and ñ3 were known quantities, it was straight forward to solve for the 

refractive index of the sample.  Since then a plethora of other materials have been studied, and 

the technique has been expanded to allow for the measurement of additional material properties 

including carrier concentrations and relaxation times.
40

   By modifying a terahertz spectroscopy 

system setup to add an optical pump pulse incident onto the measured sample, time-resolved 

terahertz spectroscopy is able to determine carrier lifetimes and mobilities by applying the same 

measurement techniques.
41,42,43

 

Along the same vein as these research driven spectroscopic applications, a strong 

commercial application for security is remote sensing since many materials show unique 



 

13 

 

sensitivity to terahertz frequency radiation.  Terahertz radiation has been shown to be useful for 

standoff detection of various substances including drugs
44,45 

and explosives.
46,47,48

  This is 

possible due to the unique absorption spectra of these substances.  The unique absorption spectra 

of various materials combined with the fact that other materials are transparent at terahertz 

frequencies allows for security type imaging.  Similar to medical X-ray imaging, T-ray imaging 

can provide the ability to see concealed objects such as knives and firearms as seen in Figure 1.2.  

Whereas X-ray imaging can only yield the ability to see concealed objects based on back 

scattering, the collected back scattering in T-ray imaging can be used not only to see concealed 

materials, but to identify them as well.  This property gives T-ray imaging the additional benefit 

that it will eventually allow for automated systems with fewer false alarms, which will improve 

throughput and decrease waiting times in places such as airports, resulting in savings in terms of 

manpower costs.
49

  

 

Figure 2.3. (a) Picture and corresponding T-ray image of a man carrying a concealed knife
50

 and 

(b) T-ray image of a man carrying a concealed firearm.
51

 

   

The wide range of investigation into the use of T-rays for imaging based on spectroscopic 

methods that first started in 1995
52

 is ongoing.  Biomedical imaging is one area of research that 
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has seen rapid growth recently.  This is again due to its non-ionizing nature and also due to the 

unique property of being very sensitive to intermolecular vibrations and polar substances such as 

water.  Because some cancerous tissue types have been found to have higher water content than 

surrounding normal tissues, T-ray imaging can serve as a means of detection.
53,54

  Unfortunately, 

current T-ray imaging is limited in its use for many biomedical imaging applications since 

terahertz frequency radiation will not penetrate deep enough due to strong absorption by water.  

However, skin cancers such as basal cell carcinoma can be a prime candidate for this type of 

application as the imaging can be performed based on reflected radiation instead of 

transmission.
55

  T-ray imaging is even being used for pharmaceutical purposes of quality control 

and determining release mechanisms of drugs.
56

 

High frequency communications is another area of intense research.  As wireless 

communication technology has progressed from low frequency radio wave carrier waves into the 

microwave region, both the speed of flow and the overall amount of information able to be 

transmitted and received has continuously increased.  Current wireless communications are 

mainly dominant in the microwave range with carrier frequencies of several tens of gigahertz.  

The ability to further progress wireless communications technology into the terahertz range 

could improve this performance by a factor of thousands.  This along with such envisioned 

applications as short range secure battlefield communications has spurred research into this area.  

 Communication at terahertz frequencies can allow for large bandwidths.  By modulating 

the transmission in short bursts on different frequencies over the bandwidth range, referred to as 

frequency hopping, communications can be made even more secure than using encryption alone.  

Not only would this make eavesdropping more difficult, frequency hopping over such a large 

bandwidth would make it improbable that the communication could be detected at all.  However, 
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difficulties in realizing wireless communications at terahertz frequencies including appropriate 

modulation of a carrier signal and the fact that the system bandwidth is usually intrinsically 

limited by the bandwidth of the transmitter or detector must first be overcome.  Current methods 

of modulation eventually rely on electronic means which can also limit actual data rates.  These 

modulation methods are divided into two types which are modulation of T-ray generation and 

external T-ray modulation. 

 A delay line can be used to mechanically modulate the terahertz waveform during 

generation in pulsed time domain and continuous wave photomixing methods.  This method is 

comparatively slow with maximum repetition rates on the order of a few hundred hertz.
57,58,59

  It 

is also possible to modulate the waveform (amplitude modulation) through modulation of the 

applied bias voltage of the photoconductive antenna.  This form of modulation can achieve 

repetition rates near 1 MHz.
60,61

  The most promising of the generation modulation methods 

involves electrically modulating a Schottky diode which serves as a delay line.  This method can 

potentially increase repetition rates into the gigahertz range but is currently rather inefficient.
52,63

 

 The external T-ray modulation methods currently suffer from limited modulation 

bandwidth and carrier wave frequency.  Some of these methods include liquid crystal 

modulators
64,65

, free carrier in semiconductor modulators
66,67

, and ferroelectric modulators.
68

  J. 

Federici and L. Moeller published an excellent review of T-ray wireless communications in 2010 

that will shed more light on this topic.
69

  With the strong interest and continued work in this area, 

our ability to effectively modulate terahertz frequency carrier waves will no doubt improve and 

overcome these problems in the near future. 
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 Finally, terahertz frequency radiation holds much value in astronomy.  This is due to 

three reasons.  First, infrared radiation is the most abundant form of radiation in the Universe 

because temperatures in space are extremely cold.    The small amount of heat that objects in 

space radiate is typically in the far-infrared and terahertz regions.  Second, many objects in space 

are obscured by dust and debris clouds that scatter visible light reflected from objects we would 

like to observe.  Because T-rays have wavelengths much larger than the dust particles, T-rays 

can penetrate and pass through these dust clouds enabling the collection of radiation.  Third and 

finally, visible radiation emitted or reflected from objects that are moving away from the earth 

rapidly due to expansion of the Universe is often Doppler redshifted into the terahertz region.
70

 

Since the 1980s, far-infrared and T-ray astronomy research has expanded as new telescopes and 

observatories have been installed in Hawaii
71

, Antarctica
72

, and Chile.
73

  Terahertz spectroscopy 

based telescopes provide spectroscopic information that can allow for the identification of 

materials and material states which is especially useful for studying the birth process for stars or 

for finding systems outside our solar system that may contain planets with water.
74 

 

2.3. Advantages and Disadvantages at Terahertz Frequencies 

Terahertz frequency radiation has several advantages over radiation of other frequencies.  

In terms of biomedical imaging, terahertz frequency radiation is non-ionizing which means that it 

is less harmful to living tissues than X-rays.  As previously discussed, it is higher frequency than 

radio and microwave frequencies, so it has the potential to provide much higher data speeds.  

Many materials have a unique absorption spectrum in the terahertz frequency range which can 

provide the ability to precisely sense or detect them.  Also, many materials are transparent at 

terahertz frequencies. 
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 However, terahertz frequency radiation has some severe disadvantages as well.  All 

matter that is warmer than the equilibrium temperature of its surroundings emits thermal energy 

including a random distribution of terahertz radiation.  However, this is of little use for most 

applications since coherent sources are required for most applications.  Secondly, high power 

sources did not exist until only very recently.  Even now, the few sources available are very 

costly. T-rays are rapidly absorbed by water vapor in the atmosphere meaning that its use is 

limited to short distances or enclosed, purges spaces.  Due to those issues, terahertz frequency 

communication is limited to a short range, line of sight functionality.
69

  However, the strong 

atmospheric attenuation can actually be seen as a benefit for certain types of communication 

applications as it can serve to make inter-satellite communication at terahertz frequencies more 

secure.  Also, T-rays from a ground source may be back scattered off the atmosphere and 

received by another ground station with low noise and little chance of satellite eavesdropping, 

both due to the attenuation.  Finally, there are few natural materials that can be used to efficiently 

manipulate radiation at terahertz frequencies.  Therefore, it has still proven difficult to work with 

outside of research environments, but a relatively new class of materials known as metamaterials 

promises to enhance our ability to manipulate radiation at these frequencies. 
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CHAPTER 3 

METAMATERIALS BACKGROUND 

3.1. The Interaction of Light and Matter 

Much of human perception is due to the interaction of light and matter.  Most notably 

sight which is simply the interpretation of signals sent to the brain that are caused by the 

interaction of visible light with the eye.  Electricity and magnetism have been observed and 

studied extensively for centuries, but it was not until the discoveries of Orsted, Gauss, Ampere, 

and Faraday in the early to middle 1800s that we began to gain a true understanding of these 

phenomena.  Then, in 1864, Maxwell’s mathematical correlation of these discoveries led to the 

discovery of four equations: 

         (3.1) 

       (3.2) 

        
 

  
(  ) (3.3) 

          
 

  
(  ) (3.4) 

where ε is the permittivity, E is the electric field intensity, ρv is the volume charge density, B is 

the magnetic flux density, μ is the permeability, H is the magnetic field intensity, and σ is the 

material conductivity. 
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Maxwell’s equations allowed him to discover that time varying electric and magnetic 

fields produce radiation that propagates through space and thus the electromagnetic nature of 

light, establishing modern electromagnetism.  The solution to these equations for a given system, 

provided appropriate boundary conditions are known, completely describe the electric and 

magnetic fields at every point in space in the system and moreover describe the wave interaction 

with any particular medium. 

The electromagnetic response of a material can be characterized by its intrinsic properties 

of electrical conductivity, permittivity, and permeability.  The electrical conductivity is a 

measure of a material’s ability to develop an electric current in the presence of an applied electric 

field. The permittivity of a material is its ability to resist the formation of an electric field.  

Likewise, the permeability of a material is its ability to resist the formation of a magnetic field.  

Permittivity and permeability, which describe the effective or net electric and magnetic 

responses of a material, respectively, but on a smaller scale, are caused by the sum response of 

the electric and magnetic dipoles inside the material.  The electric dipoles in ordinary material 

can be due to carriers (electron-hole), atomic (electron-nucleus), and molecular arrangement 

(ions).  Most materials do not have internal magnetic dipoles which is why ordinary materials 

have near unity permeability.  

Other useful material parameters for describing the electromagnetic response of a 

material can also be derived from Maxwell’s equations.  The refractive index of a material is a 

unitless quantity that yields the speed at which radiation will travel through the material relative 

to the speed of light and falls naturally out of Maxwell’s equations.  The refractive index of a 

material is determined by the equation: 
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    √   (3.5) 

where n is the complex refractive index of the material.  Similarly, the wave impedance is given 

by the equation: 

 
  √

 

 
 (3.6) 

where η is the wave impedance.  It should be noted that all of these material parameters are 

frequency dependent.
75

 

 

3.2. Description of Metamaterials 

 In 1968, Russian physicist Victor Veselago theoretically calculated the electromagnetic 

response of a material with simultaneously negative permittivity and permeability.  According to 

his calculations, electromagnetic waves in this type of material, which he called left-handed, 

would have phase velocities that are anti-parallel to the group velocities.  In his paper, he 

envisioned left-handed materials properties including reversed Doppler shift and reversed 

Cerenkov and even alluded to superlensing applications even though materials that could have 

negative permeability did not exist.
76

  No further progress could be achieved until 1999 when 

Pendry reported a theoretical design—the split-ring resonator (SRR)—that could provide a 

negative permeability medium
77

 quickly followed by the first report of a fabricated left-hand 

material by Smith in 2000.
78

 

In 2001, Walser coined the term metamaterial.
79

  A metamaterial can be defined as a 

homogeneous effective medium that exhibits an unusual electromagnetic response.  

Metamaterials typically consist of an array of subwavelength, electromagnetically resonant 
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structures.  Unlike ordinary material, whose properties come directly from its constituents, the 

unusual electromagnetic characteristics of a metamaterial occur because of the size, geometry, 

and orientation of the comprising resonant structures.  This unique attribute can allow for an 

engineerable electromagnetic response in metamaterials and is the commonly accepted definition 

of a metamaterial. It should be noted that left-handed materials are a subclass of metamaterials.   

 A material can be classified by its electromagnetic response into one of four categories 

based on the sign of its permittivity and permeability.  It is helpful to visualize this as a quadrant 

system as seen in Figure 3.1.  Most natural materials can only fall into the first, second, or fourth 

quadrants.  The first category is composed of materials with simultaneously positive permittivity 

and permeability.  These materials allow radiation to propagate and are referred to as dielectrics.   

 
Figure 3.1. Diagram of permittivity and permeability combinations 

 

The second quadrant is composed of materials with a negative permittivity and positive 

permeability.  Radiation in this quadrant will be evanescent.  The second quadrant is made up of 
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metals.  The permittivity of a metal can be described by the Drude model, which correlates the 

carrier behavior in a material with its electromagnetic properties, with the equation: 

 
 ( )    

  
 

 (     )
 (3.7) 

where ωp is the metal plasma frequency, ω is the angular frequency of the propagating wave, ωc 

is the metal scattering frequency which serves as a loss term.  Assuming that the scattering 

frequency for the material is much less than the plasma frequency when loss is negligible, it can 

be seen that as the angular frequency approaches the plasma frequency (ω→ωp), the resulting 

permittivity approaches zero.  If the angular frequency is below the plasma frequency, the 

resulting permittivity will become negative.  This situation leads to an imaginary refractive index 

and wave impedance resulting in a large amount of reflection.  Similarly, fourth quadrant 

contains ferromagnetic materials with a positive permittivity and negative permeability which do 

not allow the propagation of radiation.   

However, any material that can belong to the third quadrant is unique because it will 

exhibit simultaneously negative permittivity and permeability.  This combination leads to a real, 

negative refractive index, real wave impedance, and backward wave propagation inside the 

material.  This can be expressed mathematically in the form of the wave number, given by the 

equation: 

    √   (3.8) 
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In order for a wave to propagate, the wave number must be real.  For the cases of simultaneously 

positive and simultaneously negative permittivity and permeability, this condition is met as seen 

in Figure 3.1. 

 Perhaps the simplest means of illustrating the effect of a negative index of refraction is 

through Snell’s Law which relates the angles of refraction at the interface of two different 

materials to the refractive index of each material.  Snell’s Law is governed by the equation: 

                 (3.9) 

where n1 and n2 are the refractive index of different materials and θ1 and θ2 are the angle with 

respect to the interface normal vector of the incident and transmitted wave, respectively, as 

shown in Figure 3.2. 

 

Figure 3.2. Snell’s Law for a (a) positive refractive index and (b) negative refractive index.  

 

 Since the permittivity and permeability parameters are frequency dependent, the 

operational range of frequencies for a metamaterial are as well.  The major factor in determining 

the operating frequency of a metamaterial is the size of the subwavelength structures which form 

the homogenous media.  This means that the operational frequency can be scaled mostly based 



 

24 

 

on the size of these structures which are most often made of high conductivity metals.  

Decreasing the size leads to a corresponding increase in operational frequency.  Unfortunately, 

the size scaling of metallic structures is limited because the conductivity of the metal will 

decrease from the bulk value when the size is decreased sufficiently.  The breakdown of the 

scaling process becomes significant in the infrared region, so new methods and materials other 

than metal conductors are necessary to achieve at the visible frequencies.  The expected next step 

is the replacement of metal resonant elements by superconducting quantum interference 

structures which could lead to further scaling of metamaterial elements into visible frequencies.  

Some other perspective alternatives have been suggested which include structured alloys, oxides, 

carbon nanotubes, and graphene.
80

 

Since 2000, new advances have continued to push metamaterial operating frequencies 

higher; finally realizing operation at visible frequencies in 2007.  The graph in Figure 3.3 was 

published in review article by Soukoulis
81

 and shows how the operational frequencies of 

metamaterials have increased with the open triangles indicating only negative permeability 

metamaterials and the solid triangles indicating left-handed metamaterials.  Aside from the 

difficulties in achieving higher frequency operation, the resonant nature of the subwavelength 

structures makes the operational bandwidth of metamaterials usually very narrow.  This is 

another challenge that must eventually be overcome for many applications. 
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Figure 3.3. Operational frequency of metamaterials by year.
81

 

 

3.3. Metamaterial Applications 

 Over the past decade, the list of potential applications for metamaterials has seen 

explosive growth.  The initial applications that could be fabricated were based firmly in the radio 

and microwave frequency ranges. This was due to the appropriate sizes for the structures being 

on the order of millimeters or centimeters. Despite this, however, many ideas for novel 

applications quickly arose for the entire electromagnetic spectrum.  Some of these applications 

included invisibility cloaks
82,83

, superlenses
84,85,86

, filters
87,88

, modulators
89,90,91

, antenna 

radomes
92,93

, beam steering optics
94,95

, microwave couplers
96,97

, and waveguide loading for 

enhanced transmission.
98,99

 

 A class of metamaterials often referred to as transformation optics allow for the precise 

control of electromagnetic wave propagation within a system.  Transformation optics have so far 

been the key to the invisibility cloak, superlens, and beam steering applications.  Transformation 

optics rely on the specific placement of the constituent resonant elements onto an imposed 
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coordinate system.  This can be accomplished through a conformal mapping process and enables 

the metamaterial to bend light around an object in the case of a cloak or beam steering optic.   

The same property can also make it possible to achieve theoretically unlimited resolution 

in the case of a superlens.  Resolution is an imaging term indicating the smallest distinguishable 

feature size.  For optical imaging, light is focused onto a specimen and the reflection is collected.  

Typically, the resolution is determined by the cross sectional diameter at the focal point—or spot 

size—of the incident light.  The spot size is dependent on the wavelength of the light and focus 

angle.  The minimum spot size for an optical microscope is said to be diffraction limited and 

given by the equation: 

 
  

     

 (     )
 (3.10) 

where r is the spot size radius, λ is the wavelength, n is the refractive index of the media between 

the lens and the specimen, and θ is the half aperture angle.
100

  The term (nsinθ) is referred to as 

the numerical aperture of the objective lens in a microscope. 

Realistically, the minimum spot size, and therefore the resolution, for most imaging 

systems will be somewhere near half of the wavelength of the light.  For example, blue light at a 

wavelength of 475 nm, corresponds to a resolution of about 240 nm which might still be too 

large to resolve nanostructures such as quantum dots.  It is also insufficient for biological 

samples such as viruses, some bacteria, proteins, and the internal components of human cells.  

For features much smaller than the wavelength, the reflected light is evanescent in nature and 

therefore cannot be collected in the far field, meaning at the objective.  Metamaterial superlenses 
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based on transformation optics can break the diffraction limit and resolve features much smaller 

than the wavelength. 

Another class of metamaterials, chiral metamaterials are capable of inducing a much 

stronger rotation of the polarization of incident waves than possible with natural materials.  

Chirality was first described by Sir William Thomson (better known as Lord Kelvin) in a famous 

quote: “I call any geometrical figure, or group of points, ‘chiral’, and say that it has chirality if its 

image in a plane mirror, ideally realized, cannot be brought to coincide with itself.”
101

 Chiral 

metamaterials can exhibit a negative refractive index.
102

  Whereas standard metamaterials that 

achieve a negative refractive index require two separate resonances to force simultaneously 

negative permittivity and permeability, chiral metamaterials should be able to exhibit a negative 

refractive index for one polarization with a single chiral resonance.
103

  Chiral metamaterials can 

also possess properties including circular dichroism
104,105

, giant optical activity
106,107

, and utility 

in tuning the Casimir force.
108,109

 

Chiral metamaterials are designed such that no mirror symmetry exists within the 

composing matrix of subwavelength resonant elements.  This is accomplished through the use of 

enantiomer elements such as split-ring resonators and gammadions. The absence of mirror 

symmetry gives rise to a cross-coupling of the electric and magnetic field components of incident 

circularly polarized waves leading to different refractive indices for oppositely polarized (left 

and right rotating) waves.  The cross-coupling is given by the equations
110

: 

 
     

   

 
 (3.11) 
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    (3.12) 

where D is the electric displacement field, and κ is the chirality parameter, and the refractive 

index of a chiral metamaterial is given by the equation: 

    √     (3.13) 

where the positive and negative signs are used to distinguish right and left circularly polarized 

incident waves, respectively.  If the chirality parameter becomes sufficiently large, the refractive 

index will become negative for one of the polarization rotations.  These properties have led to 

applications for chiral metamaterials as polarizers
107,111 

and superlenses.
112,113

 

Until recently, most of the realized applications for metamaterials were passive.  Over the 

past few years, however, there has been an increasing push to achieve active devices.  A review 

of the subject was recently published by N. I. Zheludev and Y. S. Kivshar in 2012.
114

  One of the 

first active metamaterial devices, reported in 2006, allowed for the modulation of terahertz 

frequency radiation through the use of an applied electric bias.  The device employed an array of 

gold electric ring resonator elements deposited on a GaAs substrate which collectively work as a 

Schottky diode.  Contacts were deposited on both sides of the array with the resonator elements 

connected by deposited wire strips that were linked to a contact on one side as shown in Figure 

3.4.  When no bias was applied, the electric ring resonators did not function because the substrate 

conductivity was high enough to effectively short circuit the rings.  In the case of an applied bias 

voltage, however, depletion of the GaAs substrate caused it to become insulating allowing a 

resonance to develop in the rings.  The device was shown to be capable of up to 50% amplitude 

modulation at the resonant frequency. 
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Figure 3.4. Diagram of H. –T. Chen’s electric ring resonator-based metamaterial modulator.
115

 

 

 Another active metamaterial application is reconfigurable devices that can enable real-

time switching or tunability. This has been accomplished by actively changing the position or 

orientation of the resonant elements with respect to each other
116

 and through the displacement of 

planar arrays relative to other stacked arrays in three-dimensional structures.
117

  This type of 

application was first reported in 2009.  In this work, split-ring resonator arrays were fabricated 

on bi-material cantilevers.  The absorption of incident radiation by the split ring-resonators 

resulted in an increase in temperature which caused a bending of the cantilevers moving the split 

ring-resonators out of plane.
118

  This type of device was suggested to be suitable for detection of 

T-rays or infrared waves and for temperature sensing. 

Microelectrmechanical systems (MEMS) have also been effectively utilized for these 

purposes as actuators
119

 and for transmission line tuning.
120,121

  However, these different 

switching systems that are mechanical in nature are limited in switching speeds.  Photonic 

metamaterials, in which switchable, nonlinear dielectrics and metallic resonant elements can be 

combined, offer significantly faster switching speeds.  This is attained by using high-intensity 

light to alter the plasmonic behavior at the metal-dielectric interface leading to unusual effects 

such as increased transmission or reflection from the device.  Graphene is a particularly well 

suited material for this type of application.  Although single-layer Graphene does show a fast, 
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broadband nonlinear response, the nonlinear change in transmission is very small.  Through the 

addition of metallic resonators, the fast, nonlinear change in transmission can be increased by an 

order of magnitude leading to applications including pulse shaping and optical switching.
122

 

Magnetoelastic metamaterials are reconfigurable metamaterials in which the resonators 

can change position due to the Ampere’s force caused by other nearby resonators and is balanced 

by a restoring Hooke force due to the elasticity of the dielectric layer between resonator arrays as 

shown in Figure 3.5. 

 

 

Figure 3.5. Diagram of a magnetoelastic metamaterial showing (a) the unexcited state  

and (b) the excited compressed state.
123

 

 

 

In a similar work, a plasmonic metamaterial was shown to be capable of mimicking the 

adhesive nature of a Gecko toe.  When near to a metal or dielectric surface and illuminated by a 

light source at resonant frequency, the plasmonic metamaterial would experience a strong light-

driven force holding it to the surface.  Only a few tens of nanowatts per square micron was 

enough intensity so that the force would overcome the combination of the radiation pressure and 

Casimir and gravitational forces.
124

 



 

31 

 

 There has also been recent interest in the incorporation of liquid crystals into 

metamaterial devices to attain a tunable nonlinear response.
125

  The refractive index of a 

metamaterial can be electrically engineered when an applied electric
126,127 

or magnetic
128

 field (in 

the form of a wave) can change the orientation of the resonant elements infiltrated with liquid 

crystals.  The benefit of liquid crystals is that they can serve as a control mechanism for 

metamaterial devices at room temperature with response times in the millisecond range.  This is 

unfortunately much slower than the aforementioned photonic metamaterial type. 

 Metamaterials can be developed for mechanical waves as well as electromagnetic waves.  

Currently, much research is also being performed in the area of acoustic metamaterials. Acoustic 

metamaterials, similar to electromagnetic metamaterials, rely on arrays of resonant elements to 

achieve their unusual properties.  Unlike electromagnetic metamaterials, however, the elements 

composing an acoustic metamaterial are mechanical resonators.  Acoustic metamaterials rely on 

positive or negative interference of the incident and scattered or reflected waves.  Also, whereas 

electromagnetic metamaterial resonators are sensitive to the lattice parameter for coupling 

effects, acoustic metamaterial resonators have negligible coupling, and are for the most part 

unaffected by resonator spacing or the direction of the incoming waves.
129

 

 Acoustic metamaterials fall into two distinct categories.  The first category is called 

intrinsic acoustic metamaterials.  In this type, the size of the resonators is completely decoupled 

from the wavelength of the incoming waves.  Silicon rubber is often used in the construction of 

intrinsic acoustic metamaterials
130

.  The other category is called inertial acoustic metamaterials.  

This type relies on resonant elements that act as mass spring damper oscillators.
131,132
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Acoustic metamaterials share many of the same types of applications as electromagnetic 

metamaterials.  Perhaps the most widely known is for cloaking of objects.  As sonar works off of 

reflected sound waves underwater, acoustic metamaterials could be developed to make 

submarines invisible.
133

  Other research is aimed at using acoustic metamaterials to make 

buildings earthquake resistant.
134

  Acoustic metamaterials have also been used for perfect sound 

proofing.
135

  Acoustic metamaterial superlenses have been developed as well.
136

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

33 

 

 

 

CHAPTER 4 

TERAHERTZ TIME DOMAIN SPECTROSCOPY 

4.1. Description of Operation 

As previously stated, the most common application for terahertz frequency radiation is 

spectroscopy for scientific and research purposes using broadband terahertz time domain 

spectroscopy systems.  Terahertz time domain spectroscopy (THz-TDS) was first developed in 

the middle of the 1980s.
7,137

  Over the past three decades, THz-TDS has seen a steady growth of 

new applications.  The major benefit of THz-TDS is that it can be used to provide spectroscopic 

information over a large range of frequencies. 

 Although the number of commercially available THz-TDS systems is growing, these 

systems tend to be rather expensive given that some of the required components, such as an 

ultrafast pulsed laser system and lock-in amplifier, do not even come with many these systems. 

Provided the ultrafast laser system and lock-in amplifier are already on hand, a homemade THz-

TDS system can be assembled for much less expense.  The basic equipment necessary for this 

task can be categorized as ultrafast (pump) beam optics, T-ray beam optics, and detection 

components.  The ultrafast optics necessary include several optical mirrors, focusing lenses, a 

linear delay stage or optical shaker, a polarization dependent beam splitter, and wave plates.  An 

Either an optical rectification crystal or photoconductive antenna emitter, aluminum flat mirrors, 

parabolic off-axis mirrors and/or polyethylene (PE) or polymethylpentene (TPX) lenses make up 

the required T-ray beam optics.   Either a photoconductive antenna or electro-optic sampling 
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detection setup can be used for detection.  Finally, some type of stage is needed to accurately 

position the sample in the T-ray beam path. 

 The THz-TDS system used for the measurements in this work, along with a schematic 

diagram of the system, is given in Figure 4.1.  The system, called the Z-2, has a photoconductive 

antenna emitter pumped by a Coherent MIRA-900, an ultrafast infrared laser, with maximum 

average output power of 2 W (at a wavelength of 775 nm) in 120 fs pulses and a repetition rate 

of 76 MHz.  The MIRA-900 is a tunable titanium sapphire based oscillator capable of both 

continuous wave and ultrafast pulse output in the wavelength range from 700 nm to 1000 nm.  

The MIRA is pumped by a Coherent Verdi V-12 diode laser with continuous wave output with 

maximum average power of about 12.5 W at a wavelength of 532 nm.  The Z-2 photoconductive 

antenna emitter high voltage bias (130 V) is gated by a Stanford Research Systems SR830 lock-

in amplifier which routes the collected measurement data to a computer. 

 

Figure 4.1. (a) Photograph and (b) system diagram of the Z-2 in transmission mode. 

 

 

 In order to explain how the Z-2 operates, it will be helpful to follow the path of an 

ultrafast pump pulse as it travels through the system.  Upon entering the Z-2, the pulse is divided 

into two separate pulses when it passes through the beam splitter.  One of the two new pulses, the 
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probe pulse, is guided with mirrors to the photoconductive antenna where it used to generate 

carriers which emit the broadband terahertz pulse.  The terahertz pulse is then further guided, 

again through the use of mirrors, into the electro-optic crystal for detection.  The other ultrafast 

pulse, the reference pulse, is aligned along a variable path length using a linear translation stage.  

After passing this segment, the reference pulse is then routed through the electro-optic crystal 

and following Wollaston prism onto a set of photodiodes.  The probe and reference pulse paths 

must be carefully aligned so that they are collinear. 

 As previously stated in Chapter 2, the refractive index of the electro-optic crystal will 

change in the presence of an applied electric field.  In this case, the applied electric field is in the 

form of the propagating terahertz pulse.  When the terahertz pulse travels through the crystal it 

changes the refractive index seen by the linearly polarized reference pulse giving it an elliptical 

polarization.  After passing through the crystal, the reference pulse then passes through the 

Wollaston prism.  The Wollaston prism again splits the reference pulse into two separate pulses 

that are spatially dispersed based on the polarization of the reference pulse.  These two pulses 

then go to the photodiodes.   

The system measures the voltage difference between the two photodiodes which is 

directly proportional to the electric field of the terahertz pulse meaning it contains both 

amplitude and phase information about the electric field of the terahertz pulse.  The terahertz 

pulse generated by the photoconductive antenna is broadband leading to temporal broadening of 

the terahertz pulse, which has a pulse width on the order of picoseconds, compared to the probe 

pulse.  By translating the linear stage, the reference pulse can be effectively delayed.  This allows 

the reference pulse to be used to sample the terahertz pulse in time as it passes through the 

electro-optic crystal. 
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For this system, a three axis motion controlled stage was used for sample positioning.  

The stage consists of three individual Newport motorized linear stages.  The stage is controlled 

by a Newport ESP301 three axis motion controller/driver that is connected to a computer for 

remote control.  A PE lens was placed before the sample to focus the terahertz pulses onto the 

sample followed by an additional PE lens to recollimate the pulses after the sample.  A holder 

consisting simply of thin sheet of stainless steel with small aperture was fabricated for the 

measurements.  The holder was mounted to the stage and aligned such that the maximum signal 

passed through the aperture indicating it was correctly positioned at the focal point of the 

terahertz pulse path. 

An important figure of merit for this type of system is its signal-to-noise ratio.  For this 

system, a measurement of the terahertz pulse and an identical measurement with the terahertz 

pulse blocked by a steel plate were performed as shown in Figure 4.2.  The pulse amplitude 

maximum was seen to be 11.56 mV while the maximum of the noise signal was seen to be 4 μV.  

This yields a signal-to-noise ratio of nearly 3000:1.  Such systems can reach signal-to-noise 

ratios of greater than 10,000:1, but these values are largely dependent on the alignment of the 

system as the noise signal is for the most part constant. 

 

Figure 4.2. Time domain measurement of (a) a terahertz pulse freely propagating through air and 

(b) the noise signal with terahertz pulse blocked.  Note that the scale of the noise signal is given 

in microvolts as opposed to millivolts. 



 

37 

 

4.2. Reflection Mode System Modification 

Transmission mode measurement requires the samples to be either somewhat transparent 

at terahertz frequencies or thin enough to allow a sufficient level of transmission.  Unfortunately, 

this is not always the case.  Reflection mode measurement works in the same way as 

transmission mode measurement except that the radiation reflected from the sample must make it 

to the detector instead of the transmitted radiation.  Because the system did not have reflection 

mode capability when installed, it was necessary to modify the system to enable this type of 

measurement.  For the reflection mode modification, a 2 mm thick, high resistivity silicon (HR 

Si) wafer was added to the system to serve as a terahertz beam splitter.  A diagram of the 

reflection mode system setup is shown in Figure 4.3. 

 

Figure 4.3. Diagram of modified Z-2 system in reflection mode. 

 

 The modification was performed by replacing the first aluminum mirror after the emitter 

with the HR Si beam splitter.  The terahertz pulse would exit the emitter box, be transmitted 

through the beam splitter, and focused onto the sample with a PE lens.  The reflected terahertz 
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pulse would then be recollimated by the PE lens and reflected along the original transmission 

mode path by the HR Si beam splitter.  Although the diagram seems simple enough, the 

implementation can be quite difficult. 

 The Z-2 system came with a built-in diode alignment laser which was aligned to the 

terahertz pulse path while the system was in transmission mode.  When the aluminum mirror was 

removed to begin the modification, two irises were placed on the table and aligned to the built-in 

alignment laser.  Next, the sample stage and holder were positioned on the table such that the 

holder was normal to the alignment laser to ensure the reflected pulse would have the appropriate 

propagation vector.  Afterwards, the holder was removed from the stage and an additional diode 

alignment laser was aligned to the two added irises on the table.  The HR Si beam splitter was 

positioned such that the second alignment laser was aligned back along the transmission mode 

path and incident on the photodiodes.  Finally, the PE lens was positioned using the second 

alignment laser followed by the sample holder being remounted on the stage.  Because the HR Si 

beam splitter divides the terahertz pulse evenly, the best achievable terahertz pulse amplitude 

with this method is about 25% of the maximum transmission mode amplitude.  This is also the 

case for the signal-to-noise ratio. 

 

4.3. Data Collection and Processing 

The Z-2 came with a basic National Instruments LabVIEW program that was designed to 

remotely control the system.  This program is capable of running a single spectroscopic scan 

during which the delay stage will move from a specified start position to specified end position at 

a set speed.  During this time, the program queries the lock-in amplifier and records the received 

voltage values in a text (ASCII) file along with the delay stage position for each value.  This 
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process does not yield the fixed interval spacing between data points needed for further 

processing, so the program then interpolates the raw data into a set with fixed intervals of delay 

position.  The fixed interval delay position data is then converted into delay time data.  This is 

done through the relation between the speed of light and delay distance by simply dividing the 

distance by the speed of light.  This reduces to the equation: 

 
  

 

  
 (4.1) 

where t is the delay time in picoseconds and d is the delay distance in microns.  At this point, a 

fast Fourier transform (FFT) can be performed to yield frequency dependent values of power, 

amplitude, and phase.  The FFT is derived from the discrete Fourier transform which is of the 

form: 

 

   ∑   
      
 

   

   

                     (4.2) 

where Y is the transformed frequency dependent data, n is the number of data points, and y is the 

input time domain data.
138

 Unfortunately, this is where the utility of the provided software ends.  

In order to obtain transmission and reflection ratios for a given sample, further processing is 

required. 

 When a sample measurement is performed, an additional reference measurement must 

also be performed.  The reference scan should ideally contain all of the identical materials that 

interact with the terahertz pulse in the sample scan, except for the sample itself.  For the 

measurement of a homogeneous material, such as a bare HR Si wafer, the corresponding 

reference would be an open air measurement.  For a nonhomogeneous (multilayer) sample, such 
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as a thin film of SiO2 deposited onto an HR Si substrate, the reference would be the measurement 

of the bare HR Si wafer.  During data processing, the frequency dependent amplitude of the 

sample is divided by that of the reference to obtain either the transmittance or reflectivity, 

depending on the measurement mode. 

 Additionally, because the frequency resolution of the FFT is directly proportional to the 

size of the time window, or amount of delay time measured, it is beneficial to scan over a longer 

delay time during the measurement.  However, multiple reflections caused by various material 

interfaces in the terahertz pulse path—including Fabry-Perot reflections and PE lens 

reflections—crop up in the scans that lead to sinusoidal oscillations in the frequency domain.  

These oscillations can be removed through a process referred to as zero-padding.  For this 

process, reflection pulses are removed by replacing the time domain data corresponding to the 

reflections with a constant value near enough to zero to be negligible. Zero-padding produces a 

smoothing effect on the frequency domain data as seen in Figure 4.4.  It can also be used to 

lower the time required for scans by scanning a smaller time window and using the zero-padding 

constant to increase the total time window on both sides of the pulse.  This is effectively a means 

of frequency domain interpolation.  One must take care to ensure that the time window is not too 

small, as the additional oscillations that occur directly after the pulse must be collected to obtain 

accurate results. 
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Figure 4.4.  (a) Reflection mode time domain amplitude of a copper coated substrate and (b) 

corresponding FFT amplitude before zero-padding.  (c) Zero-padded time domain amplitude 

based on the same scan and (d) corresponding FFT amplitude. 

 

Additional data processing was accomplished through the use of an additional LabVIEW 

program that was written by one of my colleagues, William Baughman.  This program, which is 

called THz Analyzer is shown in Figure 4.5.  It takes the data files output by the Z-2 program 

and allows for further processing including the zero-padding process.  The program also allows 

for simultaneous loading of the sample and reference files to generate the sample transmittance 

or reflectivity. 
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Figure 4.5. THz Analyzer data processing program interface. 

 Although the zero-padding process can help smooth the frequency domain data, it cannot 

reduce the narrow absorption lines caused by water vapor in the air.  Multiple water vapor 

absorption lines exist in the spectral region measured by the Z-2 as listed in Table 1.  The 

common method used to remove or at least reduce these absorption lines is purging of the 

system.  To this end, an acrylic enclosure was built for the Z-2 to allow purging of the system 

with clean dry air or nitrogen. 

 
 

Table 4.1. The absorption lines in the Z-2 spectral range due to atmospheric water vapor. 

 

 

 Once the purging of the system is started, nitrogen flows into the enclosure forcing the 

water vapor out.  The amount of water vapor left inside the enclosure exponentially decays with 

1.09 1.72 2.26 2.77

1.16 2.17 2.39 2.97

1.67 2.2 2.64 3.01

Line Frequencies (in THz)

Water Vapor Absorption
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respect to time, which means it can take a good deal of time to purge the system to the point 

where the water vapor absorption lines have completely vanished.  Through testing, it was found 

that the water vapor absorption lines diminish quickly over the course of the first 15 minutes of 

purging with further improvement taking substantially longer on the order of an hour.  The 

effectiveness of the purging process is shown in Figure 4.6 which shows the transmitted power 

spectra at the 1.7 THz water vapor absorption lines before and during purging.   

 
 

Figure 4.6. Power spectra near 1.7 THz water vapor absorption lines for varied purge times. 

 

 

4.4. Terahertz Spectroscopic Imaging 

Terahertz spectroscopic imaging can be performed with the Z-2 through the use of the 

motion controlled stage.  This is accomplished by raster scanning the sample in the plane normal 

to the terahertz pulse path and taking spectroscopic scans at set stage position intervals.  Each 

spectroscopic scan is serves as the information for a single pixel.  By mapping the sample 

position coordinates, in terms of x-axis and z-axis location, along with the spectroscopic data, an 

image of the sample can be reconstructed.  Because each pixel contains the complete 
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spectroscopic information, the reconstructed images can reveal information on its composition, 

density, and other possible characteristics such as refractive index.   The following Figure 4.7  

 

Figure 4.7. (a) Photograph of cross sectioned chicken bone sample with different tissue types 

labeled.  (b) Time domain terahertz amplitude and (c) frequency dependent power spectra for 

different tissue types.  (d) Reconstructed image based on the power spectra at 0.85 THz. 

 

 

shows one of the images that has been reconstructed based on the THz power transmission 

through a cross sectioned chicken bone with some typical time domain amplitude and frequency 

dependent power spectra corresponding to the different types of tissues in a normal bone.  This 

particular image was reconstructed based on the transmitted power at 0.85 THz and is 20 mm by 

20 mm.  The different tissues are labeled by acronym (based on the first letter of each word such 

as ‘CB’ for Compact Bone) of the tissue types given in the graph legend.  The regions of 

different tissue type are clearly visible in the image, as well as additional features that are not 
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visible to the eye.  While it remains for upcoming work, dissecting these regions to identify the 

additional features will enable future identification of these types of features without any need 

for dissection.  This type of imaging, once optimized, promises to be of great benefit to the field 

of medicine. 

 Although the spectroscopy program used to control the Z-2 did not have imaging 

capability, it could be used to image a sample by simply manually moving the sample stage and 

running individual spectroscopic scans.  However, this was a rather inconvenient method for 

larger images containing many pixels, as it was a time consuming process for the system 

operator to manually adjust the position for sometimes hundreds of spectroscopic scans.  Another 

of my colleagues, Babatunde Ajilore, wrote an additional LabVIEW program, called TeraVision, 

used in the laboratory.  This program automates the process of adjusting the sample stage 

position and spectroscopic scanning.  Even with the automation, the imaging procedure for large 

images still takes a great deal of time.  It is not uncommon for imaging times to take an entire 

day or more.   

The TeraVision program saves the spectroscopic time domain data for each pixel along 

with the sample position in a text file which can then be processed.  The Terahertz Analyzer 

program also has this functionality and was used to process the image shown in Figure 4.7 (d).  

This program can reconstruct images based on the time domain or frequency dependent spectra.  

It also allows for the zero-padding of the spectroscopic data in each pixel and performs the 

subsequent FFT before frequency dependent image reconstructions. 

Both time domain and frequency dependent images can be reconstructed from the data 

based on a number of parameters other than the amplitude including time domain pulse delay.  
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Figure 4.8 shows images reconstructed from both the time domain amplitude and pulse delay.  

This type of imaging method is particularly useful in the case of imaging biological samples 

which often tend to be nonhomogeneous and complex in terms of different tissue types.  Using 

multiple image reconstruction methods allows for the ability to detect and visualize subtle, 

localized differences in the sample composition.  In Figure 4.8, the time delay based 

reconstruction yields a much more distinct separation of the different tissue types.  It also makes 

visible the larger areas of cartilage in the bottom right and upper left regions of the sample that 

are not apparent in the amplitude based reconstruction.  The area of compact bone appears much 

different in the time delay based reconstruction as well. 

 

Figure 4.8. (a) Time domain terahertz pulse amplitude for different tissue types contained in the 

cross sectioned chicken bone sample and the reconstructed images based on the time domain 

terahertz pulse (b) amplitude and (c) delay time. 
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CHAPTER 5 

SPLIT-RING RESONATORS 

5.1. Split-Ring Resonator Background 

This chapter details the investigation of the effects of three dimensional or multilayered 

SRR arrays on the SRR resonant response.  The SRR geometries were designed through 

simulation for operation at targeted frequencies in the THz range.  The completed design was 

used to produce a photomask for photolithographic fabrication.  Single layer, passivated single 

layer, and double layer arrays were then fabricated and subsequently characterized by THz time 

domain spectroscopy. 

A SRR can absorb either or both the electric and magnetic components of incident 

radiation at the appropriate frequency, and is referred to as bi-anisotropic. Bi-anisotropic SRRs 

can achieve high levels of absorption.  In operation, as shown in Figure 5.1, the radiation is 

incident parallel to the plane of the ring, with the electric field perpendicular to the splits (gaps) 

in each ring and the magnetic field normal to the plane of the ring.  When the magnetic field (or 

a component of it) is normal to the plane of the rings, it will induce a current in the rings which 

will move from one side of the gaps to the other.  This will in turn create a voltage across the 

gaps, which at this point are effectively functioning as capacitors.  Alternatively, when the 

electric field (or a component of it) is perpendicular to the gaps, the electric field in the gaps will 

cause it to build a capacitance with an imposed voltage.  This will induce a current in the rings 

that will in turn induce a magnetic field through the rings.  In this particular case, both conditions 

are met, and the absorption increases drastically.  Incident radiation can still be absorbed even if 
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neither of these conditions exists, at the 90° polarization angle.  In that case, referred to as a 

dipole or half-wave resonance, the capacitance occurs between the internal opposing sides of the 

rings.  Whereas the currents in the SRR flow circularly around the rings in the LC resonance 

condition, the currents flow symmetrically around both sides of the rings during the dipole 

resonance condition.
139

 

 

Figure 5.1. Diagram of a split-ring resonator under both electric and magnetic field excitation. 

When the SRR absorbs radiation, it exhibits an LC resonance and can effectively be 

modeled with the simple RLC circuit as shown in Figure 5.2.  In the figure, Rloss is the ohmic 

loss due to resistance in the rings, Leff is the effective inductance of the SRR, and Ceff is the 

effective capacitance of the SRR system.  Depending on the geometry, Ceff can become very 

complex to model as it must take into account the capacitance of both gaps, the capacitance 

between the rings, and the coupling with other SRRs that are sufficiently close for coupling to 

occur.  It is also important to take into account the presence of a dielectric (which most certainly 

will be there if only in the form of a substrate) that will have the effect of lowering the resonant 

frequency.  Other than this, the resonant frequency of any SRR, or array of SRRs, comes from 

the parameters of the system in which it exists.  It is determined by the size parameters and 

spacings of the individual SRR and will hardly be affected by what components, whether 

electric, magnetic, or both, of the incident radiation are being absorbed. 
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Figure 5.2. RLC circuit model for a SRR. 

 

It is possible to roughly estimate the resonant frequency of a SRR through a simple 

calculation method, provided a few assumptions are made.  In the case of a single, perfectly 

conducting, square split-ring, as shown in Figure 5.3, through the assumption that the self-

inductance of the ring can be roughly approximated by that of a single closed ring which is given 

by: 

 
  

   

 
 (5.1) 

where L is the self-inductance of the ring, A is the area inside the ring, and t is the circumference 

of the ring.  The ring capacitance is needed as well, which can be estimated by assuming the 

sides of the ring and the split in the ring function as parallel plate capacitors.  This capacitance is 

given by: 

 
        

   
  

 
   
  

 (5.2) 

where C1 and C2 are the capacitance due to the sides of the ring and the ring splits, respectively, 

A1 and A2 are the area of the parallel surface of the ring side and the ring split, respectively, and 
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d1 and d2 are the distances between the ring sides and the ring splits, respectively.  The 

inductance and capacitance values may then be used to solve for the resonant frequency: 
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(5.3) 

This method requires no information about the system except for the dimensions of the SRR and 

that the SRR is in an air medium.  Again, this is a method rough estimation, but can be 

performed very quickly and was useful for the initial determination of SRR dimensions to begin 

simulation. 

 

Figure 5.3. Three-dimensional diagram of a SRR used for estimation of resonant frequency. 

 

 

The work in which Pendry first proposed the SRR was the spark, so to speak, that started 

the metamaterial fire.  In his work, it was posited that just like ordinary materials which are 

composites of atoms, a material that was a composite of periodic structures could be created that 

would allow for tuning the material’s permeability provided the unit cell lattice constant of this 

material was much less than the wavelength.  This restriction was imposed so that the composite 

structures could both diffract and refract radiation.  The authors then went about detailing the 
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examination of the magnetic properties of the metal split ring cylinders and “Swiss Rolls” shown 

in Figure 5.4 to specifically show that the effective permeability could be negative at the LC 

resonance frequencies of these structures
77

.  The authors then proposed the flat disc, circular  

 

Figure 5.4. Diagram of a (a) split ring cylinder, (b) “Swiss Roll,” and (c) the flat disc split-ring 

resonator used in Pendry’s report.
77

 

 

SRR based on the top view of the split ring cylinder with the calculation of the resonant 

frequency and the effective permeability of the structure being: 
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where Cpul is the per-unit length capacitance of the SRR and: 
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(5.5) 

where r is the radius of the SRR, a is the lattice constant, and ρ is the resistance per unit of length 

of the metal. 

Since Pendry’s proposal of the SRR as the first means of tuning permeability, there have 

been many different geometries of SRRs proposed and tested.
140,141,142,143

  The properties of 
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SRRs have become well known through investigation by numerous groups
144,145,146,147,148 

such 

that SRRs have been incorporated into a variety of passive and active devices.
149,150,151,152,153

  

Even though the structure of the SRRs used for this work have of course been studied 

before
146,147,148,149

, no experimental investigation of the effects of passivation and multiple SRR 

layers of this geometry have been found.  The nearest work that was found on the investigation 

of multiple layers used single ring SRRs.
154

  In this work, the lattice constant in all three 

dimensions was made sufficiently large so that capacitive coupling between both in-plane and 

out-of-plane SRRs was negligible. 

 

5.2. Simulation of Split-Ring Resonators 

 The SRRs presented in this work were designed through simulation using the RF (radio 

frequency) module of the finite element method (FEM) based software COMSOL Multiphysics.  

This program makes possible the simultaneous simulation of multiple physical models provided 

the appropriate governing and coupling relations (equations) are known.  FEM is based on 

choosing basis functions which only have non-zero values over small, specific subdomains.  

These subdomains are referred to as elements.  Once a model is built, it is broken up into a mesh 

of triangular shaped elements for two-dimensional models or tetrahedral shaped elements for 

three-dimensional models.  The basis functions are then solved for each element and correlated 

to yield a solution for the entire system. 

In beginning the SRR simulations, the geometrical model of the SRR was built in a 

similar fashion as would be performed in any standard computer-aided drafting software, such as 

National Instruments Inventor or Dassault Systems SolidWorks.  The basic two-dimensional 

geometry was built using rectangles.  Then the planar SRR face was extruded to create the solid 
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structure as shown in Figure 5.5.  Next, the Si substrate was added in the same manner.  For 

simulations of the passivated and dual layer SRR arrays, a polyimide layer was added.  A second 

SRR was also added for the dual layer simulation. 

 

Figure 5.5. Split-ring resonator built in COMSOL Multiphysics. 

 

 

 Once the geometrical model had been built, the materials library of the software was used 

to assign material properties to the SRR, substrate, and polyimide when required.  The next step 

in setting up the simulation was to setup the physical system.  For this, the software requires the 

selection of an equation.  For the simulations performed for this work, the built-in wave equation 

was used: 
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where μr is the relative permeability, εr is the relative permittivity, and ko is the free space wave 

number.  Then a radiative source parameter Eo with a value of 1 V/m are added to the model 

which will be used to scale through a specified range of frequencies. 

 At this point, the model boundary conditions should be applied.  The boundary conditions 

must be carefully selected based on the geometry of the sample.  For the SRR simulations here, 

periodic boundary conditions (PBC) were used.  PBCs allow for each boundary to which they are 

applied to appear as if it was the boundary on the opposing side of the model.  PBCs are 

appropriate for models which do not exhibit mirror symmetry.  COMSOL Multiphysics has 

built-in functionality for PBCs by forcing the electric field to the value at the opposing side.  The 

sixth and final boundary condition should be opposite the radiative source and set as a scattering 

boundary condition (SBC) through the equation: 

  (      )      (   )     (   (  (      ))) 
         (5.7) 

where Eb is the scattered electric field, kdir is the direction of wave propagation, and r is the 

distance from the radiative source.  Finally, the model is broken into small tetrahedral elements.  

This process is referred to as adding a mesh to the model.  The model with mesh added is shown 

in Figure 5.6.  After this, the simulation is ready to be started. 
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Figure 5.6. SRR simulation model with mesh added. 

 

 

Once the simulation has completed, the localized electric or magnetic fields, current 

densities, power flow, and other quantities are able to be visualized through the software 

interface.  Of particular use is the ability to generate slices inside of the simulated system that 

show field densities as seen in Figure 5.7. 

 

Figure 5.7. Simulation result showing slices of the electric field  

density in the split-ring resonator system. 

 

 

 The simulation for the SRRs in this work was performed so that the software can obtain 

the simulation results for each frequency in the range from 0.2 THz to 2.2 THz with a frequency 



 

56 

 

resolution of 0.02 THz.  Although the software can display the three-dimensional images quite 

well, it can sometimes be difficult to visually distinguish valuable details on the two-dimensional 

screen.  For this reason, it is often advantageous to view the system two-dimensionally.  Figure 

5.8 shows a two dimensional view of the simulated electric field density in near proximity to the 

SRR as the incident frequency is scaled from below to above the resonant frequencies. 

 

 

Figure 5.8. Simulation result showing the electric field density in the split-ring resonator system 

as the source frequency increases from (a) below resonance through (b) the first LC resonance  

and (c) between resonant frequencies to the (d) second LC resonance. 

 

 During simulation, the COMSOL software calculates the electric field, from which 

additional field quantities can be obtained, at each frequency interval.  The electric field can then 

be used to determine incident power from the equation: 
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 (5.8) 

where Pi is the incident real power and A is the area of incidence normal to the wave vector.  By 

integrating time average power component parallel to the wave vector, the transmitted power for 

each frequency can also be obtained.  Evaluating the ratio of the incident power to the 

transmitted power yields the transmittance which will be used later in this chapter for 

comparison with measurement.  Figure 5.9 shows the simulated transmittance, reflectivity, and 

absorbance for array of SRRs as calculated by COMSOL. 

 

Figure 5.9. Simulation result showing the calculated transmittance,  

reflectivity, and absorbance for a SRR array. 

Based on these simulation results, the experimental dimensions of the SRRs to be 

fabricated were selected to target frequencies in the range from 0.2 THz to 2.5 THz, as seen in 

Table 5.1, with the dimensions shown in Figure 5.10. 
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Table 5.1.  Unit cell dimensions by targeted frequency. 

 

 

Figure 5.10. Diagram of the unit cell parameters for the fabricated split-ring resonator arrays. 
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5.3. Split-Ring Resonator Fabrication 

The first step in the fabrication process was designing the mask. From the previous table 

giving size geometries, eight SRR arrays, one for each of the sizes measuring ten SRRs wide by 

1 cm long, were placed in a grid pattern with enough space in between the arrays so that after 

fabrication, they could be easily separated as seen in Figure 5.11.  A positive photolithography 

process was desired so that better fabrication resolution (smaller feature sizes) could be obtained.  

The mask was designed as a dark-field mask, meaning that the patterns were transparent with the 

rest of the surface opaque.  Metals used for electron beam evaporation (E-beam) deposition were 

chromium and copper, where only a thin 15 nm layer of chromium was used as an adhesion layer 

for the copper.  Finally, a substrate with high resistivity was needed to allow maximum THz 

transmission and to prevent a short circuit condition of the ring gaps.  The same 2 mm thick, 2” 

diameter HR Si wafers (>10 kΩ/cm) were used as a substrate. 

 

 

Figure 5.11. Pictures of (a) the single layer SRR arrays and  

(b) the double SRR layer arrays after fabrication. 

 

 The spin coating was performed using a Solitec 5000 series spin coat machine.  Shipley 

S-1808 positive photoresist was used for spin coating.  The spin coating process requires the 
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wafer surface to be as clean as possible.  The standard process used for wafer cleaning in the was 

to spin the wafer at 300 RPM for 10 s while spraying acetone onto it, followed by spinning at 

400 RPM for 10 s with a combination of acetone and isopropyl alcohol for the first 5 s, and then 

only isopropyl alcohol for the remaining 5 s.  This is followed by a 30 s spin at 2500 RPM to 

evaporate all of the remaining liquid.  This process worked well for removing most of the visible 

debris from the wafer, but many times it would be noticed that the resist would still form streaks 

during the spin.  As a result, sonication in an acetone bath for 5 min followed rinsing with 

isopropyl alcohol and drying with a nitrogen gun was implemented before mounting the wafer 

for spin coating.  Although occasional streaks still occurred, it did yield a noticeable decrease in 

the overall amount of faulty spin coats.   

Through testing of the thickness of the S-1808 from different spin speeds, the optimum 

spin speed was found to be 3000 RPM for a time of 30 s, which corresponded to a 0.8 µm thick 

layer of photoresist as tested by a Dektak profilometer.  The initial target for SRR thickness was 

250 nm, and since a lift-off process was planned, the photoresist needed to be at least three times 

as thick.  However, as the photoresist layer became thicker, feature resolution decreased, so from 

this trade-off, 0.8 µm was selected. 

The next step in the process was a soft bake of the resist.  According to the manufacturer, 

a bake time of 30 s was recommended, and subsequently attempted.  After the 0.8 µm layer of 

photoresist had been deposited on the Si wafer and soft baked, a MA-6 Karl Suss Mask Aligner 

tool was used to perform the exposure.  The manufacturer recommended exposure time was 3 s, 

which was attempted first.  Then the exposed film was developed in a Microposit MF-319 

developing solution for 60 s followed by a 90 s submersion in a deionized water bath.  This 

yielded the patterns shown in Figure 5.12. 
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Figure 5.12. Optical microscope picture of SRR patterned photoresist. 

 The following step was E-beam deposition of chromium and copper onto the resist.  As 

chromium is routinely used in the clean room, the standard procedure was followed with results 

conforming well to expectation.  According to the crystal oscillator in the E-beam, the deposited 

thickness of chromium was 15 nm. This was followed by a 185 nm copper deposition that was 

performed without breaking the vacuum seal of the chamber.  Copper is not an available source, 

so it was necessary to tune the parameters for copper deposition including soak times and powers 

to first melt and then start evaporation of the source material. 

After the deposition was completed, lift-off was performed by placing the substrate into a 

photoresist remover (Microposit Remover 1165) solution bath for 20 min.  This removed all of 

the resist as well as the copper that was on top of the resist leaving on the copper SRRs that were 

adhered to the substrate.  At this point, the single layer arrays were complete.  The procedure was 

duplicated two more times to have the bases for the passivated and double layer arrays. 

DuPont PI-2610 polyimide was used as the dielectric spacing layer.  Polyimide does not 

typically adhere well to smooth surfaces such as silicon wafers or metals.  It was therefore 

necessary to use an adhesion promoting agent.  DuPont VM-651 was used for this purpose.  It 
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comes in a concentrated liquid form that must be mixed at a specific concentration of 0.1% in 

deionized water and shaken vigorously.  This solution was then drip coated onto the static wafer 

with the arrays and let stand for 20 s.  The wafer was then spun at 3500 RPM for 45 s to remove 

the additional solution.  This process should leave several monatomic layers of the adhesion 

promoter on top of the wafer. 

Next the PI-2610 was drip coated onto the wafer, spun at 400 RPM for 5 s to spread the 

polyimide, and spun at 3500 RPM for 30 s to thin the layer.  The wafer was then soft baked at 

85°C for 90 s on a hot plate.  The wafer was next hard cured at 350°C for 30 min in a nitrogen 

purged furnace.  This process provided a 1.7 µm polyimide layer and could be repeated to 

achieve a desired thickness through variation of the spin speeds.  For this purpose, only a single 

layer was necessary, however, the process for achieving desired thicknesses by depositing 

multiple layers will be discussed in Chapter 6.   

At this point the passivated layer arrays were completed.  The additional wafer then had 

another layer of adhesion promoter deposited followed by a 15 nm layer of SiO2.  Finally, the 

same initial array fabrication procedure was repeated to get a second layer of arrays on top of the 

polyimide layer yielding the double layer arrays.  Figure 5.13 shows optical microscope pictures 

of the (a) single layer, (b) passivated, and (c) double layer arrays.  Figure 5.13 (c) is focused on 

the lower layer of rings.  The SRR arrays were also viewed by scanning electron microscope as 

seen in Figure 5.14. 
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Figure 5.13. Optical microscope pictures of (a) a single layer SRR array,  

(b) a passivated SRR array, and (c) a double SRR layer. 

 

 

Figure 5.14. Scanning electron microscope image of a SRR array. 
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5.4. Split-Ring Resonator Measurement Procedure 

The SRR orientations were varied between measurements such that the electric field 

absorption would be isolated with no contribution from the magnetic field.  This was achieved by 

maintaining normal incidence of the THz beam onto the arrays and measuring at two rotations 

about the propagation vector.  The first measurement in this series had the electric field spanning 

(perpendicular to) the ring gap, which allowed for maximum absorption of the electric field.  The 

second measurement had the electric field pointing through (parallel to) the ring gap which 

minimized the absorption of the electric field as can be more clearly visualized with the 

following Figure 5.15. 

 

Figure 5.15. Diagram of the split-ring resonator unit cell structure showing the change in 

orientation during rotation with respect to the incident wave vector. 

 

 An additional set of measurements designed to isolate the magnetic field absorption of 

the SRRs with no contribution from the electric field component as shown in Figure 5.16 was 

also performed.  The first measurement in this series had the SRRs oriented so that the magnetic 

field was normal to the plane of the rings with the electric field parallel to the ring gap, which 

allowed for maximum absorption of the magnetic field and minimum absorption of the electric 

field.  The second measurement maintained the electric field orientation parallel to the ring gap 

by rotating the SRR about the electric field vector which led to minimized absorption of both the 

magnetic and electric field components. 
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Figure 5.16. Diagram of the split-ring resonator unit cell structure showing the change in 

orientation during rotation with respect to the electric field vector. 

 

 

 

5.5. Split-Ring Resonator Results 

Figure 5.17 (a) shows the initial orientation for a SRR with relation to the incident field 

vectors, which we refer to as 0°, at which we expected to see the LC resonances.  The arrays 

were then rotated 90° about the propagation.  This rotation minimized the electric field 

interaction in the SRR gaps so that only the strong resonance due to the induced dipoles is 

visible.  Figure 5.17 (b) shows the transmittance spectra for both 0° and 90° rotations of a 

nonpassivated SRR array with L=35µm. The normalized transmittance spectrum was obtained 

by dividing the frequency dependent amplitude transmitted through the array by the amplitude 

transmitted through a reference bare Si wafer, so unity means 100% transmission.  At the 0° 

rotation, both the 0.45 THz and 0.88 THz LC resonant frequency absorptions are visible with the 

LC resonance of the inner ring at 0.88 THz significantly greater than that of the outer ring and 

the dipole resonance clearly visible at 1.53 THz.  Both LC resonant absorptions disappeared 

while the dipole resonant absorption was broadened and shifted to 1.03 THz for the 90° rotation 

measurement.   
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Figure 5.17. (a) Diagram of SRR orientations during measurement for clarity and (b) the 

corresponding measured transmittance for each orientation. 

 

The measurements from the second set of rotations that were designed to minimize the 

electric field contribution to the absorption are shown in Figure 5.18.  The measurement 

corresponds to a single layer array with SRR outer length of L=35 µm.  The array was measured 

at angles of 0°, 30°, and 55°, instead of those previously listed.  This was necessary, due to the 

sample geometry.  Because the arrays were so thin in the beam cross section, it was impossible 

to see a valid signal at severe angles where most of the beam was clipped by the substrate.  Even 

so, the dipole resonance is still clearly visible at the measured angles.  However, no evidence of 

the LC resonance was seen for this measurement series.  All of the rest of the SRR measurements 

discussed following are focused on the arrangements where the magnetic field component of 

absorption in kept minimized with the wave vector held constantly normal to the plane of the 

rings. 
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Figure 5.18. (a) Diagram of SRR orientations during measurement for clarity and (b) the 

corresponding measured transmittance for each orientation. 

 

The simulated and measured transmittance spectra for a single layer array with SRR outer 

length of L=35 µm are given in Figure 5.19 at both rotations (a) 0° and (b) 90°.  For the 0° SRR 

rotation, the measured outer and inner ring LC resonant frequencies, at 0.45 THz and 0.875 THz, 

respectively, were in good agreement with those from the simulation even though transmission 

dips were not as strong as expected from simulation.  The dipole resonance at 1.5 THz was also 

visible and in agreement with the frequency in the simulation although it had reduced strength as 

well.  At the 90° rotation, the outer ring dipole resonance was seen at 1.1 THz.  This also 

matched the simulation. 

 
Figure 5.19. Simulated and measured transmittance spectra for a single layer array with SRR 

outer length of L=35 µm at both rotations (a) 0° and (b) 90°. 
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The resonant frequencies were seen to be tunable by varying the size parameters of the 

SRR geometry. The change in outside edge length from 35 μm to 26 μm effectively shifted the 

first resonance by 0.18 THz from 0.45 THz to 0.63 THz and the second resonance by 0.37 THz 

from 0.88 THz to 1.25 THz, as seen in Figure 5.20(a).  The addition of the passivation layer to 

the first layer of SRRs caused a red shift of the resonance frequency due to the change in 

permittivity in the ring gaps as expected.  The addition of the second layer of SRRs on top of the 

passivation layer did not yield a noticeable shift in resonance frequency although it did result in a 

small increase in the absorption at the first resonant frequency.  These results can be seen in 

Figure 5.20 which gives the transmittance of (a) two single layer arrays, (b) two passivated 

arrays, and (c) two double layer arrays with the red and green traces representing SRRs with 

outer lengths of 35 µm and 26 µm, respectively. 

 

Figure 5.20. Transmittance of (a) single layer arrays, (b) passivated arrays, and (c) dual layer 

arrays. Red and green traces for SRR outer lengths of 35 µm and 26 µm, respectively. 
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 Identical single layer SRR arrays were also fabricated using gold with a chromium 

adhesion layer for the rings on a high resistivity Si substrate.  Any shift in the first LC resonance 

is not detectable within the resolution of the Z-2 system.  The transmittance of the gold SRR 

array clearly has a small shift to higher frequency in the second LC resonance compared to that 

of the copper SRR array.  The same is the case for the dipole resonance.  Although visible, these 

shifts are only barely large enough to be detected.  For this reason, it was decided that the 

difference in the fabrication using copper would be more advantageous as the cost of copper is 

much less than that for gold.  The result of the measurements is seen in Figure 5.21.  

 
 

Figure 5.21. Measured transmittance of copper and gold SRR arrays at (a) 0° and (b) 90°. 

 

 

 Initially, a 2 inch diameter, 250 μm thick silicon wafer with much lower resistivity (~100 

Ω/cm) was used for the substrate.  The SRR arrays fabricated with the lower resistivity substrate 

exhibited a no distinct resonances in transmittance.  The cause for this was thought to be the 

short-circuiting of the resonator through the substrate.  Additionally, single layer SRR arrays 

with entirely chromium rings were fabricated, but yielded what appeared to be a very uniform 

attenuation of the entire transmittance spectra without distinct resonances as well, but may have 

exhibited the dipole resonance.  It is suspected that the conductivity of the chromium composing 
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the SRRs was too low which may have caused a substantial broadening of the absorption.  More 

on this broadening effect due to the conductivity will be discussed in Chapter 6.  Both the lower 

resistivity substrate SRR array and chromium SRR array spectra are shown in Figure 5.22. 

 
 

Figure 5.22. Transmittance of single layer arrays fabricated (a) on low resistivity silicon 

substrate and (b) with rings entirely of chromium. 

 

 

 

5.6. Conclusion 

 This chapter has presented the investigation of single layer, passivated, and dual layer 

SRR array that were fabricated by a standard photolithography lift-off procedure and measured 

with transmission mode THz-TDS.  The SRR arrays were shown to have two distinct and 

switchable LC resonances as well as a dipole resonance.  The addition of the passivation layer 

served to cause a shift in resonance to lower frequencies.   
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CHAPTER 6 

PERFECT ABSORBERS 

6.1. Perfect Absorber Background 

One type of metamaterial that has shown great potential for active devices is 

metamaterial perfect absorbers.  The unique properties of metamaterial perfect absorbers make 

them an ideal candidate for metamaterial functioning devices designed for sensing and detection.  

Absorbers are also proposed to be useful in applications designed to minimize interference.  

Although not a metamaterial, the first absorber device—the Salisbury screen—was invented in 

1952 and designed to absorb at microwave frequencies
154

.  It was constructed by a three layer 

approach consisting of a conducting back plane and a layer of metallic resonators separated with 

a dielectric spacing layer.  Through impedance matching the device to the surround atmosphere, 

the Salisbury screen would minimize reflection by creating a destructive interference between 

the wave reflected from the back plane and that reflected from the resistive layer.   

The first metamaterial perfect absorber, reported in 2008, and had a similar structure and 

functionality.
155

  The device took advantage of the inherent loss due to the metal in the FSS 

layer.  The absorber was fabricated using the three layer approach with the resistive layer being 

replaced with a frequency selective surface (FSS) and metal wire strips were used instead of a 

full back plane.  By appropriately tuning both the FSS elements and the wire strips, they were 

able to obtain impedance matching between the device and free space (air) leading to a 

minimized reflectivity.  The unit cell structure for the first absorber device is given in Figure 6.1.  
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The FSS was made up of an array of electric-LC resonators (ELC).  An ELC is a type of SRR 

with a different geometry than a single ring or concentric rings.
156

 

 

Figure 6.1. Diagram of the unit cell structure of the first metamaterial  

absorber with associated incident wave field vectors
155

. 

 

 

The LC resonant frequency for the device was targeted by appropriate selection of the 

ELC size and geometry.  Like the SRR, when the polarization of the incident wave spans the ring 

gaps of the ELC, an induced current circulates on the rings resulting in an LC resonance.  The 

device also had a polarization dependence similar to the SRR.  This first absorber device was 

reported to exhibit an absorbance of 70% at 1.3 THz.  Since then, additional FSS elements have 

been designed that utilized different geometries including rods
157

, rings
158

, and crosses.
159

  

Absorbers have also been designed using inverted patterns where the FSS plane is metal and the 

elements are voids in the plane.
160,161

  Near perfect absorption has now become common place. 

There has been a great deal of debate on the exact mechanism responsible for the 

function of metamaterial absorbers.  It has been reported that the absorption was due to the 

destructive interference between the waves reflected from the FSS and backplane.
162

  Another 

report has suggested that the absorption was due to standing wave resonances in the dielectric 
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spacing layer.
163

  Another proposed mechanism of absorption was that out of phase induced 

currents were the cause.
164

  The final candidate mechanism was that the absorption was caused 

by anti-parallel currents in the FSS and back plane.
155

  Regardless of the mechanism of 

absorption, it is generally agreed upon that the FSS is used to set the resonant absorption 

frequency and the dielectric spacing layer thickness is used to tune the absorption strength. 

In the years since the first metamaterial absorber was reported, there have been great 

strides in the ability to manipulate the absorption of these devices, including metamaterial 

absorbers that have been designed to exhibit multiple resonant absorption 

frequencies.
158,161,165,166,167,168,169

  These absorbers are capable of developing more than one 

resonant frequency due to the imposing of unique geometries which include more than one ring 

incorporated into the unit cell structure whether connected laterally or as concentric rings as 

shown in Figure 6.2. 

 

Figure 6.2. Dual band metamaterial absorber designs based on  

references (a) 162, (b) 163, and (c) 158. 

 

 

Due to the resonant nature of the elements that make up the FSS in most absorber 

devices, the effective absorption frequency range is typically very narrow.  There has been much 

work towards achieving broadband absorber devices.  A great deal of this work has been focused 

on the incorporation of multiple ELCs with different, but very close resonant frequencies into the 
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FSS unit cell.
159,168,169,170,171,172

  By doing so, the overlap in the individual absorption from each 

ELC can form a wider band of absorption.  The extraction of individual frequencies from the 

total absorbed radiation may be possible with these types of absorbers which could lead to 

broader detection applications. 

In 2009, the same group that produced the first metamaterial absorber reported a new 

absorber designed to be insensitive to the polarization of the incident radiation.
173

  The device 

again consisted of three layers including a bottom layer of crosses instead of wire strips, a middle 

dielectric spacing layer, and a top layer of ELCs.  This time, however, the ELCs were designed 

to exhibit four-fold rotational symmetry which allowed polarization insensitivity, as shown in 

Figure 6.3.  The device was reported to achieve an absorbance of 75% at 1.15 THz for both the 

polarization shown in Figure 6.3 (c) and when the polarization was rotated 90°.  Since then, a 

variety of additional polarization insensitive designs have been reported.
158,159,167,174,175,176,177

  

Two recent reviews of metamaterial absorbers have been published and offer more detail on the 

subject.
178,179

 

 

Figure 6.3. Diagram of the unit cell structure of the first polarization insensitive metamaterial 

absorber including the (a) FSS unit cell ELC structure, (b) ground plane element structure, and 

(c) three-dimensional view with associated incident wave field vectors
173

. 

(a) (b) (c)
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Although a few devices have been reported to have polarization insensitivity, no 

explanation of this characteristic has been reported and only a single report of the verification of 

this property by measurement at polarizations other than 0° and 90° was found.
158

  This chapter 

details the investigation of a polarization insensitive metamaterial absorber.  The perfect 

absorber structures in this work were designed based on the common three layer approach using 

a conducting back plane base followed by a dielectric spacing layer with a frequency selective 

surface layer of periodic metallic resonant elements on top.  The resonant frequencies of the top 

layer correspond to the frequencies where the device absorbs.  In these structures, the geometry 

of the top layer allows for accurate targeting of the resonant frequency while the dielectric 

spacing layer thickness determines the strength of the resonance.  The absorbers were also 

fabricated by standard photolithography and electron beam evaporation for metal deposition.  

The fabricated structures were characterized by THz time domain spectroscopy. Figure 6.4(a) 

gives the unit cell dimensions along with corresponding values for each dimension for what we 

refer to as 4-T absorbers due to the fact that the structure appears to contain four internal, T-

shaped arms.  Figure 6.4(b) gives the same as (a), but for what we refer to as 2-T absorbers 

which only have two internal, T-shaped arms.  The naming convention for each array was based 

its position on the mask such that R4C3, for example, would be the array in the fourth row and 

third column. 
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Figure 6.4. Unit cells with labeled dimensional parameters and 

 mask dimensions for both (a) 4-T and (b) 2-T absorbers. 

 

 

These types of structures (3-D planar absorbers) are being intensely researched by 

multiple groups around the world due to the fact that their electromagnetic response can be easily 

engineered along with simple, inexpensive fabrication possibilities.  It has already been shown 

that these types of structures can achieve near perfect absorption, but as more unique EM 

responses are sought, the design geometries can become increasingly complex leading to 

difficulty in the identification of the exact mechanisms of interaction. 

 

 

 



 

77 

 

6.2. Simulation of Perfect Absorbers 

 The metamaterial absorbers presented in this work were also designed by simulation with 

COMSOL Multiphysics.  Like the SRR simulations, the built-in wave equation of RF Module 

was used.  After the model geometries and material parameters had been set, the boundary 

conditions were selected.  This time, however, the boundary conditions were changed from PBCs 

to perfect electric conductor and perfect magnetic conductor conditions (PEC and PMC) that are 

set up with the equations: 

       (6.1) 

and where n is the normal vector to the plane of the FSS element and: 

       (6.2) 

This set of boundary conditions is well suited to models that have good mirror symmetry.  The 

built model unit cell system along with the established boundary conditions is given in Figure 

6.5.  The built model with added mesh is given in Figure 6.6. 

 

 
 

Figure 6.5. Absorber unit cell model with (a) front radiative source and back 

 scattering boundary conditions as well as (b) perfect magnetic conductor and  

(c) perfect electric conductor boundary conditions. 

 



 

78 

 

 
 

Figure 6.6. 4-T absorber simulation model with mesh added. 

 

 
Once the model had been fully defined, the simulation was performed.  Figure 6.7 shows 

post-processed slices of the electric and magnetic field vectors both below and at the resonant 

frequency.  It is plain to see that at the resonant frequency, the device shows strong absorption of 

the wave.  This type of processed view is perhaps to quickest, easiest way to see that the device 

is in operation. 

 

Figure 6.7. Simulated reflected (a &b) electric and (c & d) magnetic field vectors for the 

absorber device below (a & c) and at (b & d) the resonant frequency of 0.89 THz. 
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 The simulated surface current density on the resonant element at 0° and 45° rotations is 

seen in Figure 6.8.  In this Figure, red colored arrows have been added for clarity on the direction 

of the current as well as blue and black arrows indicating the capacitive regions in which the 

electric field is strongest.  The currents in the 0° rotation oscillate about approximately half of 

the ring resulting in two effective LC resonating half rings.  However, by tracing the currents in 

the 45° rotation, we can see that the current paths have changed.  At this rotation, the current 

paths form four quarter rings where the current in the left and right quarter rings oscillate like 

dipoles and the top and bottom quarter rings exhibit LC oscillation. 

 

Figure 6.8. Simulated surface current density of the absorber unit cell at resonance. 

. 

 

 Multiple simulations were performed in order to estimate the effect of varying specific 

size dimensions of the resonant element unit cell.  In Figure 6.9 presents the simulated effect that 

manipulating the outer length, d, of the resonant element has on the resonant frequency.  

According to the simulations, the resonant frequency can be scaled higher or lower by decreasing 

or increasing, respectively, this size dimension.   
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Figure 6.9. Simulated absorbance for elements with varied outer length. 

 

 

The absorption strength in Figure 6.9 does not appear to change with the variation of the 

outer length.  This is due to the fact that each of the simulations had a different dielectric 

thickness.  As seen in Figure 6.10, the strength of absorbance is strongly dependent on the 

dielectric thickness.  Therefore, any changes in the planar geometry of an FSS element that cause 

a change in the resonant frequency must be accounted for by tuning the dielectric thickness.  

This was done by simply repeating the simulation while sweeping through a range of 

thicknesses. 

 
Figure 6.10. (a) Diagram of side view of absorber unit cell with  

(b) the absorption as a function of the dielectric layer thickness. 
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Based on the simulation results, the photomask used for the fabrication of these absorber 

devices was drafted.  The mask was again designed to be a dark-field mask that would be more 

suitable to the lift-off process.  The mask layout is shown in Figure 6.11.   

 

Figure 6.11. Diagram of the layout of the photomask used for fabrication of the absorbers.  The 

dark squares indicate arrays of FSS elements with varied dimensional parameters. 

 

 

6.3. Perfect Absorber Fabrication 

The process of developing a fabrication procedure for the absorber arrays required the 

optimization of the processing of the polyimide to achieve accurate and repeatable dielectric 

spacing layer thickness.  It started with the spin coating and curing the polyimide (PI-2610) 

layer. The PI-2610 was to be static drip coated followed by the immediate two stage spinning 

cycle of a 400 rpm spread stage for 5 s and  higher speed spin stage for 30 s, with this second 

stage speed set according to the desired PI-2610 thickness.  This was to be followed by a two 

stage hot plate baking cycle of 85°C for 90 s and 135°C for 90 s.  After this, the substrate was to 
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be cured under inert atmosphere at 350°C for 30 min.   In the first tests, the spin speed stage was 

set to 2000 rpm which lead to an after-cure thickness of about 3 µm when measured by 

profilometer directly after the curing bake.  This did not match the spin speed curve provided by 

the manufacturer, but during this time the goal was to verify that the process would be 

successful.  At this point, the PI-2610 was applied to several small pieces of bare Si substrate to 

generate rough spin-speed curves, which were then used to determine the spin speeds and 

number of layers needed to achieve the correct thicknesses. 

Once the correct spin speeds were determined for the desired polyimide thickness and 

used to get the copper ground plane and dielectric spacing layer stably in place, the standard 

photolithography processing was applied.  A ground plane consisting of 15 nm chromium and 

200 nm copper was deposited onto a 2” diameter, 250 µm thick Si wafer followed by the 

polyimide deposition procedure.  The VM-651 adhesion promoter steps were repeated to make 

ready the top surface of the polyimide before drip coating the S1808 immediately followed by a 

two stage spin cycle of 300 rpm spread stage for 3 s and 3000 rpm spin stage for 30 s to get a 

photoresist thickness of about 800 nm and a hot plate bake at 115°C for 1 min.  The photoresist 

was next exposed in the Karl Suss MA-6 Mask Aligner and then developed in MF-319 developer 

for 30 s followed by a 90 s deionized water bath.  According to manufacturer specifications, the 

exposure time should have been 3 s, but this time gave poor results under the optical microscope.  

After optimizing the exposure time by successive trials, the optimum time was found to be 1.8 s 

although the inner 45° angles appeared slightly rounded regardless what time was used as seen in 

Figure 6.12.  More on this issue will be discussed in Chapter 7. 
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Figure 6.12. Optical microscope picture of a FSS resonant element  

pattern in photoresist after development. 

 

 

At this point, E-beam metal deposition was performed in two stages consisting of a 15 

nm chromium adhesion layer and a 185 nm layer of copper, which was then followed by 

attempted lift-off.  The first lift-off attempt was performed in an acetone bath for 20 min, but no 

lift-off was seen.  This was followed by placing the acetone into a sonic bath which did initiate 

lift-off, but did not prove to be a repeatable process as some times all of the metal would lift-off.  

To solve this problem, an additional step of E-beam deposition of 15 nm of SiO2 was added after 

the VM-651 adhesion assist coat.  The addition of the SiO2 layer did greatly improve the 

adhesion of the metal patterns to the polyimide.  Unfortunately, the addition of the SiO2 required 

the optimization of the S-1808 exposure time to be repeated.  The new optimized exposure time 

was found to be 2.1 s, although the structures still appeared to be rounded at the 45° angles.  This 

is seen in Figure 6.13.  It was unclear at the time how the additional material layer would affect 

the operation of the absorbers, but the effort was still focused on achieving successful fabrication 

of the devices.  It was later determined that the SiO2 layer had negligible effects on the device 

performance. 
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Figure 6.13. Optical microscope pictures of (a) an absorber FSS element fabricated without the 

additional SiO2 layer and (b) with the SiO2 layer.  The picture in (b) was taken before lift-off. 

 

The absorbance of these first sets of fabricated absorbers was measured with the THz 

TDS system in reflection mode and seen to obtain a maximum absorbance of approximately 30% 

among the best performing arrays.  Upon repeating the polyimide thickness measurement with 

the profilometer, the thicknesses were all seen to have decreased dramatically.  It was believed 

that the polyimide hot plate baking steps were not of a sufficiently high temperature to prevent 

surface chemistry interaction between individual layers.  This meant that each time a new layer 

was applied, the previous layer was still fluid enough that some of it would combine with the 

new polyimide and be spun off during the high speed spinning.  This was corrected by increasing 

the PI-2610 hot plate bake temperatures from 85°C and 135°C to 105°C and 150°C, respectively, 

as well as adding a 185°C oven bake for 5 min, which led to a nearly linear increase in thickness 

per layer.  It did, however, require the running of a new series of spin-speed curves to determine 

the proper thicknesses.  During the spin-speed curve testing, several of the finished polyimide 

coats were used to continue photolithography and lift-off testing.  One of these test pieces in 

particular was measured to have a 20 µm polyimide layer, but only three of the arrays survived 

the lift-off process.  These three arrays have shown the strongest absorption to date and since 

have had the polyimide thickness measurement repeated to find an actual thickness of 10.7 µm.  

The results of these arrays will be further discussed later in this chapter.  



 

85 

 

Fabrication was attempted again with the newly optimized PI-2610 baking procedure, 

and again the absorbance was observed to be weak.  The polyimide thicknesses were again 

measured by profilometer, and again seen to be less than expected.  This was thought to be due 

to insufficient curing bake temperature.  For the next fabrication attempts, the substrates were 

cleaved into smaller pieces after the SiO2 deposition and cured at 350°C for 50 min with a 

2°/min ramp rate in a nitrogen purged tube furnace.  Since this process has been in place, the PI-

2610 thicknesses have appeared to be finally stable.  In addition, the photolithography procedure 

was reoptimized for this set of devices.    It was suspected that the photoresist side walls were too 

far from vertical, which was causing the difficulty in lift-off.  To remedy the situation, a new lift-

off photoresist (MicroChem LOR-3B) layer was added before the S1808 that would undercut it. 

After running yet another set of spin-speed curves, shown in Figure 6.14, to optimize the 

new curing bake and dual photoresist processes, fabrication was attempted again.  This time the 

polyimide average thicknesses were measured to be 5.8 µm and 7.1 µm by profilometer which 

was exactly what was expected, and according to simulation should yield better than 90% 

absorbance.  However, the absorbance of these new sets of absorber arrays were has been seen to 

be only 40% for the strongest absorbing arrays. 

 

Figure 6.14. Experimentally produced spin-speed curves for PI-2610. 
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6.4. Perfect Absorber Measurement Procedure 

 The Z-2 reflection mode setup was used to measure the THz time domain reflection of 

the metamaterial absorber arrays.  The absorber arrays were mounted on the same steel plate 

holder with a small aperture that was used to position the arrays correctly in the terahertz pulse 

path with the motion controlled stage.  Both the polarization dependent and the polarization 

insensitive absorbers were rotated about the terahertz pulse path to measure the sensitivity of the 

arrays to the incident polarization as shown in Figure 6.15.  Although Figure 6.15 only shows the 

0° and 45° rotations, the arrays were measured at multiple angles from 0° up to and full 90° 

rotation in 10° increments. 

 

 Figure 6.15. Diagram of the absorber FSS unit cell structure showing the change in orientation 

during rotation with respect to the incident wave vector. 

 

 

 The purpose of the conducting ground plane was to eliminate transmission.  This was 

observed to be the case in the simulations.  Before the reflection mode measurements were 

performed, the arrays were measured with the transmission mode setup and verified to have no 

transmission which allowed for a simplification in data processing.  The measurements were 

processed in the same manner as the SRR measurements with the additional step of calculating 

the absorbance spectra by the formula: 

E

Hk

0° 45°
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       (6.3) 

where A is the absorbance and R is the reflectivity. 

 

6.5. Perfect Absorber Results 

The first characterization performed after fabrication is always optical microscope 

inspection to determine the status of the absorber structures through the lift-off process.  Figure 

6.16 shows three optical microscope pictures, each taken through a 50x objective, of the 

corresponding array from the 5.8 µm, 7.1 µm, and 10.7 µm polyimide thickness arrays.  Overlaid 

onto each picture is an outline corresponding to the correct dimensions from the photomask.  The 

structures with 10.7 µm polyimide thickness more closely match the outline than those from the 

other two.  The width of the metallic legs should be 3.5 µm, but have been measured to be 2.6 

µm, 2.2 µm, and 3 µm for the 5.8 µm, 7.1 µm, and 10.7 µm polyimide thickness arrays, 

respectively.  It also appears that the inner 45° features on the 10.7 µm polyimide thickness array 

are more correctly shaped.  Figure 6.16(d) shows the measured absorption spectra for each of the 

arrays.  There is a slight, but noticeable frequency shift seen between the absorption peak from 

the array on 10.7 µm thick polyimide and the other two arrays.  This is most likely due to the 

differences in the widths of the metallic legs mentioned previously.  The obvious difference 

however, is in terms of the absorption magnitude.  The 7.1 µm thick polyimide thickness should 

be, according to simulation, the optimized array and therefore, should exhibit the strongest 

absorption.   
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Figure 6.16. Optical microscope pictures of an individual FSS element in absorber arrays with 

(a) 5.8 µm, (b) 7.1 µm, and (c) 10.7 µm polyimide thickness and (d) the corresponding 

absorption spectra. Outlines corresponding to listed mask dimensions have  

been added to optical microscope pictures. 

 

Another discrepancy from expected absorption from simulation is the broadened 

absorption.  The cause for this was found to be the difference in conductivity of the copper 

making up the structures from that of bulk copper (6x10
7
 S/m). In fact, simulations based on 

lower copper conductivity (1x10
7
 S/m) match well with the measurement as shown in Figure 

6.17 (a).  Figure 6.17 (b) shows simulations of different copper conductivities and clearly 

indicates that as the conductivity is reduced, the absorption is red shifted and broadened. 
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Figure 6.17. (a) Simulated absorption spectra of absorber structures with bulk and matched 

conductivity with the measured absorption and (b) Simulated absorption spectra of  

The absorber structures with varied conductivity. 

 

 

The course of study has focused on those arrays that have yielded the best results in the 

absorbance spectrum with the 10.7 µm polyimide thickness array, as shown in Figure 6.17(a).  

Even though, only three arrays for that polyimide thickness survived during the lift-off process, 

all three arrays have shown strong absorption.  It was previously stated that the structures were 

designed to allow observation of the effects of varying specified dimensions.  Figure 6.18(a) 

shows the absorbance spectra of these three arrays with 10.7 µm polyimide thickness.  The 

variation in the dimensions of the unit cell structures (see Figure 6.4) lead to a slight change in 

resonance frequency from array R4C3 and R4C2, whereas a more noticeable frequency shift 

occurs from R4C3 to R5C3.  This demonstrates the dependency of the resonant frequency on 

certain dimensions more than others.  In particular, the most important dimensions on the 

absorption frequency are the length of the outside metal square and the closest distance between 

both adjacent T-shaped structures (typically lead to LC resonances) and opposite inside T-shaped 

structures (typically lead to dipole resonances).  Also, Figure 6.18(b) shows the results of the 

absorbance spectra collected at various rotation angles from the array R4C3 about the THz 
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propagation vector.  As shown in the Figure 6.18(b), the resonance frequency is consistent 

through the rotations.  This demonstrates the polarization insensitivity of the structure.   

 

Figure 6.18. Measured absorbance of (a) arrays with varied size parameters and (b) array R4C3 

at rotations about the wave vector to show insensitivity to polarization. 

 

 

At first glance, the differences in absorbance strength over the rotations might be thought 

to have some angular dependence, and while this is slightly true, the cause of the difference in 

this case was due to the measurement.  We speculate that the center of the array might not be 

perfectly centered on the rotation stage. Therefore, the effective area of the array onto which the 

THz beam was incident was changing throughout the rotation, and resulted in that each spectrum 

was measuring a slightly different area of the array.  Thus, the differences in absorption 

magnitude are more likely due to inhomogeneity of the individual absorber elements inside of 

the arrays since the fabrication process could not be perfect.  This is proven by the fact that the 

rotation angles from 45° to 90° do not mirror those from 45° to 0°, as the symmetry of the 

structures ideally require. 

Significant variation in the time domain reflected pulse was also observed between 

different arrays as is seen in Figure 6.19.  Interestingly, very little difference was observed in the 
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actual pulse peak amplitude, but the ringing that occurs after the pulse is affected.  This was not 

expected, but can be rather useful during measurement.  It was often difficult to determine the 

optimal placement of the array in the THz beam path when the pulse peak position is used as a 

polling position, which has been done routinely for other measurement.  This results in the 

necessity to perform an entire spectroscopic scan every time a movement is made.  By polling a 

position in the ringing signal it is possible to find the optimum measurement location much more 

quickly. 

 

Figure 6.19. Measured time domain amplitude with zoomed view of peak and ringing. 

 

Figure 6.20 shows the results of the electric field and surface current distributions in the 

FSS elements obtained from simulation which showed how to explain the polarization 

insensitivity of the design that occurs in our designed structure.  The relation between the 

simulated electric field and current density distributions at the FSS for incident polarizations of 

(a) 0°, (d) 20°, and (g) 45° and corresponding back plane electric field and current density 

distributions (c, f, and i) in Figure 6.20 were used to evaluate the effective poles and formulate 

the circuit models (b, e, and h) for the incident polarizations.   
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Figure 6.20. (a, d & g) Electric field and current density distribution on FSS where white arrows 

show the current direction, red closed curves show the locations of effective poles and the labels 

V and H indicate to horizontal and vertical legs.  (b, e & h) FSS circuit model and (c, f & i) 

electric field and current density on back plane.  Black arrows indicate current paths for clarity. 

 

 

The circuit models can be used to reliably predict the resonant frequency at the varied 

polarizations and describe why the resonant frequency, given by    √  ⁄ , is insensitive to the 

incident polarization.  At 0°, the capacitance is set by the distance between opposite “T”s while 

the inductance is set by the current path along the outer edge of the square ring.  As the 

polarization is rotated, the capacitance distance decreases unit reaching a minimum at 45° where 

it is determined by the distance across the small 45° gaps leading to a maximum capacitance.  
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However, the increase in capacitance is accompanied by a decrease in inductance due to the 

reduction in current path length along the outer edge of the square ring.  As a result, the effective 

LC product is maintained constant allowing for a truly polarization insensitive unit cell. 

 Figure 6.21 (a) indicates the calculated impedance from the simulated data.  This 

impedance matched the measured absorbance at 0° polarization. The relative impedance at 

resonance was 0.73-j0.37 Ω. This was reasonable when the absorbance was 96.5%. Figure 6.21 

gives the impedance calculated from simulation for array R4C3 with bulk copper conductivity of 

6×10
7
 S/m, polyimide permittivity of 3.15 and polyimide thickness of 7.5 µm which gave rise to 

near perfect absorption at 0.9 THz.  The calculated impedance at 0.9 THz was 0.98+j0.03 Ω 

where the absorbance was 99.95%.  

 

Figure 6.21. (a) Absorption (black solid), real part (blue dashed-dot) and imaginary part (red 

dashed) of calculated relative impedance for absorber B. (b) Absorption (black solid), real part 

(blue dashed-dot) and imaginary part (red dashed) of calculated relative impedance for the ideal 

case of absorber R4C3.  For simulation, the copper conductivity was set to 6×10
7
 (S/m), the 

polyimide permittivity to 3.15 and the polyimide thickness to 7.5 μm. 

 

As listed in Figure 6.4, we have another structure with two T-shaped arms to study in 

addition to the 4-T absorbers.  The 2-T absorber structure exhibits polarization dependence, as 

shown in Figure 6.22.  This figure shows the absorbance spectra of two arrays with different in-
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plane rotation angles.  Whereas the 4-T structures exhibit a 90° rotational periodicity, these 

structures have only 180° rotational periodicity.  As these structures are rotated, the origin of the 

absorption resonance changes from both LC and dipole to solely dipole, leading to a shift in the 

absorption frequency about the rotation.  When observed from a static frequency (either 

resonance), the rotation appears as a switching effect which could potentially prove useful in 

future devices. 

 

Figure 6.22. Measured absorption spectra of 2-T absorber arrays (a) R1C2  

and (b) R1C at rotations of 0°, 45°, and 90°. 

 

Both the 2-T and 4-T structures develop multiple resonances.  Their operation can be 

described in terms of the surface current paths.  As the 4-T structures have more available path 

options, their operation is more difficult to describe.  For this work, the focus has been on the 

first developed resonance of these structures.  It must be noted that the optimization of each 

individual resonant absorption peak requires a unique dielectric spacing thickness, so it is likely 

impossible to optimize more than a single peak with a single device. 

 It often can be difficult to accurately place a sample at the focal point of the THz beam 

not only because the beam is not visible, but also due to the fact that noise in the time domain 
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signal makes it difficult to discern small increasing or decreasing trends in the pulse amplitude 

and delay.  A simple solution to this problem is imaging.   Again, by using the three dimensional 

motion controlled stage to raster scan a specimen in the THz beam path and taking a 

spectroscopic scan at set intervals, an image of the specimen can be reconstructed from the 

spectroscopic data.  Another method that simply sets the delay stage at a constant position to 

detect the THz pulse peak is much faster because it requires no actual scanning time per pixel.  

This is the fast scanning technique used to find, and subsequently place samples at, the focal 

point before measurement.  This becomes especially important to ensure proper placement of the 

sample and proper selection of the length and width of the imaging window before full 

spectroscopic imaging.  This is also invaluable for positioning samples such as the previously 

mentioned SRRs and absorbers, because they cause little variation to the time domain signal. 

Spectroscopic imaging can also be useful in evaluating the localized quality of particular 

sections of either SRRs or absorbers within arrays.  Figure 6.23, shows two reconstructed 

spectroscopic images of an absorber array.  The image reconstructed from the time domain 

signal was only ascertainable at a specific delay and would have been nearly impossible to find 

without the imaging process.  According to the image reconstructed from the frequency 

dependent power spectrum, the array seems to exhibit stronger absorption near its edges 

indicating that the quality of the individual elements around the outside of the array may be 

better than that of the elements more toward the center of the array. 
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Figure 6.23. Reconstructed images of an absorber array based on (a) time domain  

amplitude and (b) frequency dependent power. 

 

 

6.6. Conclusion 

 The absorber devices presented in this chapter were designed by finite element numerical 

simulation and fabricated by standard photolithography and lift-off process.  These absorbers 

have proven to exhibit near perfect absorption through reflection mode THz-TDS.  It was shown 

that the absorption of these devices is insensitive to the polarization of the incident terahertz 

frequency radiation when the device has four-fold symmetry as shown in the 4-T structure or can 

be highly polarization dependent as shown in the 2-T structure.  The important parameters 

necessary to successfully target a resonant frequency and absorption strength were seen to be the 

outer length of the resonator element, the gap lengths, and the dielectric spacer thickness.  These 

devices could be suitable for frequency selective detection applications. 
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CHAPTER 7 

FLEXIBLE ABSORBERS 

7.1. Flexible Device Background 

 Research and development of flexible electronic devices, which began at least as far back 

as the early 1900s, has seen great technological strides over the past couple decades.  Flexible 

electronic devices can be especially advantageous when the space and weight constraints for the 

packaging of the device are critical factors such as in cameras, cellular phones, automobiles, and 

even rockets and satellites. Flexible electronic devices have many envisioned and realized 

applications.  Some of the realized applications, which are shown in Figure 7.1, include flexible 

displays
180

, solar cells
181

, and circuits for medical devices.
182

  Flexible electronic 

interconnections are used in numerous automotive systems including the dashboard instrument 

panels and anti-lock braking systems. 

 

Figure 7.1. (a) Flexible OLED display
180

 and (b) flexible  

ZnO/CdS/Cu(In,Ga)Se2/Mo/polyimide stack solar cell.
181
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Flexible metamaterials can offer many advantages that include the ability to be placed in 

unusual places and conform to surfaces which would be beneficial for facilitating cloaking 

applications. Flexible materials often have increased durability as well.  The ability to produce 

flexible metamaterials can open an entirely new set of applications.  There has recently been a 

great deal of research on flexible metamaterials. 

 Commonly used flexible substrate materials include polyimide
183,184,185 

and poly(ethylene 

naphthalate) (PEN)
186,187

 which provide excellent flexibility and high resistance to solvents, 

acids, and bases.  These types of substrates can either be purchased or deposited on a sacrificial 

substrate during device fabrication and subsequently removed.  Both materials have been shown 

to be suitable for terahertz metamaterials because they have high transparency at terahertz 

frequencies. 

 Numerous flexible metamaterial devices have been reported.
188,189

  Flexible metamaterial 

devices have been proven useful for several applications. One group in particular recently 

designed and fabricated a flexible metamaterial with the goal of completing the spectrum of 

achievable refractive index by pushing it into the high positive regime. The device was 

composed of “I”-shaped resonators that exhibited an unnaturally high index of refraction of 33.2 

at 0.33 THz
185

, the structure of which is presented in Figure 7.2.  The device is expected to be 

beneficial for design flexibility in transformation optics applications.  
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Figure 7.2. Diagram of a flexible metamaterial resonant element unit cell that was reported to 

achieve a refractive index of 33.2 at 0.33 THz.
185

 

 

 

Flexible metamaterial absorbers have also been investigated.
183,190,191,192,193

  A flexible 

broadband absorber was reported that used dielectric surface relief structures instead of metallic 

resonators as shown in Figure 7.3.  The flexible absorber was fabricated by using a silicon wafer 

that had the surface relief pattern etched (through a combination of reactive ion etching and wet 

etching) into it.  The etched wafer was then used as a template with liquid polydimethylsiloxane 

(PDMS) applied.  After baking the PDMS film, it was removed from the silicon and shown to 

exhibit 99% absorbance over the range from 0.75 THz to 2 THz.
192

 

 

Figure 7.3. Diagram of a flexible broadband absorber that was reported to achieve 99% 

absorbance from 0.75 THz to 2 THz.
192
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By fabricating SRRs on a polyimide substrate, another group was able to use the device 

as a wireless strain sensor.
184

  The device was designed to operate in the microwave region at 12 

GHz and composed of dual concentric square SRRs as the FSS layer with a SiN layer serving as 

the dielectric spacer separating the FSS from the ground plane.  Kapton (polyimide) tape was 

used for the substrate.  The device was seen to have a linearly proportional relationship between 

the absorption and the strain on the device based on the change in capacitance between the SRRs 

and the ground plane during the mechanical straining of the device.  Other groups have also 

reported similar devices based on SRRs of various geometries.
194,195

 

 

7.2. Flexible Absorber Simulation 

 The flexible absorbers in this work were designed using the three layer approach 

containing a bottom copper ground plane and top FSS layer, consisting of copper resonators, 

separated by a dielectric spacing layer.  The FSS unit cell for the flexible absorber consisted of 

two differently sized, nonconcentric, out-of-plane rings separated by a 1.7 μm thick dielectric 

(polyimide) layer as given in Figure 7.4. The device was designed with the larger ring in the 

upper layer because larger sized resonators require a greater dielectric spacing thickness for 

optimization. 

A series of eight arrays with FSS ring center-to-center spacing (distance between the 

centers of the top ring and bottom rings) ranging from 2 μm to 9 μm were simulated to determine 

the effect of this spacing on the resonant frequencies and absorption strength at each frequency.  

Table 7.1 summarizes the design parameters for the eight different devices.   
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Figure 7.4. Diagrams of (a) the top view of the FSS layer consisting of two nonconcentric 

 rings with center-to-center spacing represented by Lat and labeled incident field  

polarizations. (b) Side view of the flexible absorber unit cell where sep and Lon  

represents the dielectric spacing layer thicknesses between the ground plane  

and the FSS and two rings composing the FSS, respectively. 

 

These center-to-center spacings from the simulations were later used to design the 

photomask used for the fabrication of the devices.  According to the design, the FSS top layer of 

rings is fixed, with all of the displacement differences between devices occurring due to a 

translation of the FSS bottom layer of rings.   

 
 

Table 7.1. The first and second rows give the FSS bottom and top ring, respectively, inner-outer 

radii for each device.  The third row gives center-to-center displacement, referred  

to by the term Lat in Figure 7.4, for the FSS rings for each device. 

 

(a)

Lat

R1in

R1out

R2out R2in

E

90 

E

0 

(b)

Cu FSS 1

Polyimide Dielectric 1

Cu Ground Plane

Cu FSS 2

Sep

Lon

t

t

d

Lat

Polyimide Dielectric 2

Device 1 Device 2 Device 3 Device 4 Device 5 Device 6 Device 7 Device 8

Bottom Ring 

(R2in-R2out)
33-36 33-36 33-36 33-36 33-36 33-36 33-36 33-36

Top Ring

(R1in-R1out)
39-42 39-42 39-42 39-42 39-42 39-42 39-42 39-42

Displacement 

(Lat)
2 3 4 5 6 7 8 9
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The COMSOL Multiphysics RF Module was again used for the simulations.  Once the 

model geometry had been built with the boundary conditions set, a mesh was applied as seen in 

Figure 7.5.  At this point the simulation of the device was ready to be performed.   

 

Figure 7.5. Flexible absorber simulation model geometry with applied mesh. 

 

The first characteristic observed, was the induced currents on the ring based on the 

simulation results.  In the simulations, the currents induced on the rings at the resonant frequency 

seemed to have dipole oscillations. The simulated currents in the two rings oscillate in opposite 

directions as seen in Figure 7.6. 

 

Figure 7.6. Simulated surface currents on (a) the front ring  

and (b) the back ring of the FSS unit cell. 
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 The electric field densities in the proximity of the rings from simulation are shown in 

Figure 7.7.  As expected from the ring currents, the electric field also appears to be exhibiting 

dipole oscillation when excited at the resonant frequency. 

 

Figure 7.7. Simulated electric field density in near proximity to (a) the front ring  

and (b) the back ring of the FSS unit cell. 

 A series of simulations was run with varied center-to-center distances between the rings 

in the unit cell ranging from 2 μm to 9 μm as was indicated in Table 7.1.  In the same manner as 

the SRRs, the flexible absorber devices were simulated at 0° and 90° by rotating the polarization 

of the radiative source where 0° implies that the electric field is perpendicular to the center-to-

center ring translation vector and 90° implies that the electric field is parallel to that vector.  The 

simulated absorbance of the device is given in Figure 7.8 for both rotations. 
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Figure 7.8. Simulated absorbance of the flexible absorber at (a) 0°and (b) 90°. 

 

 

 In the 0° orientation, only a single absorption peak is observed at 0.75 THz (between 0.74  

and 0.76 THz for all four spacings)  except for a second, less visible peak seen for the device 

with 2 μm center-to-center spacing at 0.82 THz.  The 0.75 THz absorption peak for the 0° 

orientation did not show significant change in magnitude either.  However, the magnitude of the 

two absorption peaks seen at 0.74 THz and 0.8 THz in the 90° orientation varied inversely as the 

center-to-center spacing between the rings was swept from 2 μm to 8 μm, with the 0.8 THz peak 

rising to a maximum in the middle of the sweep.  Based on these findings, it was speculated that 

the flexible device could be utilized to detect the mechanical translation of the rings with respect 

to each other.  The simulations were used to target the appropriate ring sizes to be used for 

fabrication of the device. 
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7.3. Flexible Absorber Fabrication 

The largest portion of my work on this project was designing a fabrication process by 

which a flexible platform could be built to fabricate not only the flexible absorbers, but other 

future flexible metamaterial devices as well.  In order to make the device flexible, it was 

fabricated on a polyimide substrate which was deposited onto a silicon wafer without the use of 

the VM-651 adhesion promoter.  At the time of fabrication, this process had not been performed 

previously, so testing was required.  To begin the fabrication process, a layer of polyimide was 

applied to a small piece of silicon, followed by the optimized curing procedure defined in the 

Chapter 6.  When the sample was removed from the furnace after hard baking at 350°C, the 

polyimide film had developed a large bubble underneath it as seen in Figure 7.9 (left).  

Subsequent attempts seemed to randomly yield samples both with and without formed bubbles.  

It was speculated that particulates on the substrate surface could be causing the bubbles to form. 

 

Figure 7.9. Picture of polyimide bubbles on bare silicon (left)  

and after copper deposition (right). 
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 Several small pieces were processed in parallel to ensure some of the pieces would not 

have bubbles.  A metal (15 nm chromium and 185 nm copper) layer was deposited on top of the 

pieces that survived which would serve as the ground plane for the device.  After the metal 

deposition, the first polyimide dielectric spacing layer was applied and cured.  Many of these 

pieces developed bubbles in the polyimide near the corners of the metal layer as shown in Figure 

7.9 (right).  A single piece survived this stage.  The FSS pattern was deposited onto this piece 

through the photolithographic lift-off procedure.  The device was then removed from the silicon 

as shown in Figure 7.10. 

 
 

Figure 7.10. Picture of successful fabrication test device. 

 

 

 This proved the feasibility of using the polyimide substrate for the fabrication of a 

flexible device, but the FSS structures were not correct for the small test piece due to the 

polyimide edge bead.  In order to lessen the effect, the procedure was attempted again with a full 

3 inch silicon wafer instead of a small piece.  This proved effective as the actual interface 

between the mask and the sample was much further away from the polyimide edge bead 

allowing for successful fabrication of the device as shown in Figure 7.11. 
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Figure 7.11. Optical microscope image of the flexible absorber. 

 

 

 A secondary goal in the fabrication of the flexible absorber device was to attempt to 

design the device such that the FSS layers would undergo different deformation during stretching 

of the device.  In order to facilitate this goal, the fabrication of the final devices was changed so 

that the bottom layer of rings in the FSS would be encapsulated in a distinct SiO2 layer as shown 

in Figure 7.12.  This was accomplished by depositing a 250 nm SiO2 layer on the first polyimide 

spacing layer.  Photoresist was spin coated onto the SiO2 layer and patterned with the first FSS 

layer rings.  The exposed ring patterns in the SiO2 layer were then etched 200 nm by ion milling 

followed by the chromium/copper deposition of the rings.  After lift-off, the cap layer of SiO2 

was deposited ensuring the rings were fully enclosed. At this point, the rest of the fabrication 

process was completed normally with the application of the second polyimide spacing layer and 

subsequent second FSS ring layer photolithography, deposition, and lift-off. 
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Figure 7.12. Side view diagram of the layers in the fabricated flexible absorber. 

 

 

7.4. THz-TDS Measurement of the Flexible Absorbers 

 The flexible absorber arrays were first measured while still attached the silicon wafer.  

This was performed in the same manner as the 2-T and 4-T absorber arrays with the Z-2 in 

reflection mode.  The sample was also positioned in the beam path with the steel holder plate 

mounted on the motion controlled stage.  After these measurements had been completed, the 

polyimide film was removed from the silicon substrate.  The measurement of the flexible device 

required the reconfiguration of the sample mounting procedure.  For the reflection mode 

measurement, the sample should be flat and close to normal to the terahertz pulse path.  The 

polyimide film, once removed from the silicon wafer, would roll up into a cylinder.  It was 

necessary to clamp the film on both sides to pull it flat.  This was accomplished by using the 

motion controlled stage as a clamping base on one side and a 90° angle bracket on the other side. 

Optical post clamps were used to clamp the film on both sides.  This modified setup is shown in 

Figure 7.13. 
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Figure 7.13. Photograph of the measurement setup for the flexible absorber. 

 This setup also made it possible to test the function of the device as a sensor.  When 

mounted, the motion controlled stage could be used to stretch the devices laterally.  First, all of 

the fabricated devices were measured in a flat, but not stretch position, in both 0° and 90° 

orientations.  Afterwards, stretching of the devices was performed between measurements based 

on the position of the motor on the motion controlled stage. 

 Because these types of structures could lead to future applications in cloaking, it was 

desired to see how the flexible absorbers would respond to deformation.  In order to characterize 

this type of a response, a suitable sample holder was designed with AutoDesk Inventor and 

printed on and Objet 3-D printer at the University of Alabama College of Engineering 3-D print 

shop as seen in Figure 7.14.   
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Figure 7.14. Diagram of the (a) cylindrical and (c) spherical deformation vacuum  

holders and  illustrations of device conformation to the (b) cylindrical  

and (d) spherical surface relief structures. 

 

 

The design included a recessed region that was covered with an array of surface 

structures, which when evacuated, would pull the flexible absorber sample into conformal 

contact.  Two different holders were printed with one containing cylindrical deforming structures 

and the other containing hemispherical deforming structures.  Vacuum ports were placed on the 

side opposed to the recessed sample mounting side.  The body of the holder was made to be 

cylindrical with a 1 inch diameter so the holder could me mounted in a tilting 1 inch mirror 

mount. 
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Over several iterations of printing, the minimum resolvable printing size of the surface 

structures in the recessed region was determined to be 500 μm.  Therefore, the diameter of both 

the half-cylinders and hemispheres were set at this value.  The hemispheres were laid out in a 19 

by 23 structure array with a 600 μm lattice constant so that the spacing between the hemispheres 

was 100 μm.  The half-cylinders extend nearly the entire distance across the recessed surface and 

were also laid out with 100 μm spacing between the cylinders. 

Figure 7.15 shows the vacuum holder setup incorporated into the measurement scheme in 

the Z-2.  Similar to the previous reflection mode setup and alignment, the mirror mount was used 

to align the holder (with a plain flat mirror mounted to the holder) such that the incident terahertz  

 

Figure 7.15. Pictures of a vacuum holder (a) without and (b) with flexible absorber sample 

mounted and pictures of the an array mounted on the (c) cylindrical and (d) hemispherical 

surface relief vacuum holders with insets showing diagrams of the unit cells overlaid  

on the surface relief structures for clarity. 
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pulse path was normal to the plane of the mirror.  Measurements were performed with the 

flexible absorbers mounted in both 0° and 90° orientations. 

 

7.5. Flexible Absorber THz-TDS Results 

 The measured absorbance at resonance of the arrays before being removed from the 

sacrificial silicon wafer were seen to match with those in the simulations for the 0° polarization 

measurements as seen in Figure 7.16 except for a 10 GHz shift in resonant frequencies. At first 

glance, the appearance of the second resonance at the 90° polarization was not obvious, but the 

slight broadening of the resonance peak gave an indication that the second resonance was indeed 

present.  The broadening was much more pronounced in the 4 μm and 6 μm center-to-center 

displacement structures which were predicted in the simulations to exhibit maximums at the 

second resonant frequency.  It was speculated that the two resonant frequencies may be slightly 

shifted closer together due to some type of interaction between the two layers of FSS rings in the 

unit cell. 

 

Figure 7.16. Measured absorbance for flexible absorber arrays with center-to-center spacings of 

2 μm, 4 μm, 6 μm, and 8 μm at (a) 0° and (b) 90° before removal from the silicon wafer. 
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Except for a 5 GHz redshift in the measured resonant frequency, the measured 

absorbance of the structures at both polarizations still matched with the simulated values after 

being removed from the silicon wafer.  With the exception of the 2 μm center-to-center spacing 

structures, the flexible absorbers exhibited better than 90% absorption at 0° polarization.  This 

can be seen in Figure 7.17.  The second absorption resonance expected at 0.8 THz still seems to 

have redshifted slightly to the point where the two resonance peaks have a significant overlap at 

the 90° polarization with increased broadening as the center-to-center distance changes between 

4 μm and 6 μm. 

 

Figure 7.17. Measured absorbance spectra for flexible absorber arrays with  

center-to-center spacing of 2 μm, 4 μm, 6 μm, and 8 μm at (a) 0° and  

(b) 90° polarization after removal from the silicon wafer. 

 

 The flexible absorbers were also measured while being stretched, after removal from the 

silicon wafer.  The structures were seen to exhibit absorption nearly identical to that seen before 

stretching in terms of both resonant frequency and absorbance strength to within the tolerance of 

the measurement during stretching, but the actual stretching of the arrays had negligible effect 

upon the absorbance spectra as seen in Figure 7.18.   
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Figure 7.18. Measured absorbance for flexible absorber arrays with center-to-center spacings of 

2 μm, 4 μm, 6 μm, and 8 μm at (a) 0° and (b) 90° during stretching.  Legend gives the 

displacement as read from the motor position of the motion controlled stage. 

 

Upon seeing little effect from stretching, the measurement setup was shifted so that a 

stereomicroscope could be positioned to view the arrays while being stretched as seen in Figure 

7.19.  The rings in the FSS did not show any signs of displacement with respect to each other or 

elongation of the rings themselves into a more elliptical shape.  An optical microscope image of 

a stretched array is given in Figure 7.20.  It was speculated that while the polyimide has suitable 

out-of-plane flexibility (meaning it can be rolled), it was too rigid to be adequately stretched by 

this method. 

 

Figure 7.19. Modified measurement setup to allow microscope  

viewing of the arrays during stretching. 



 

115 

 

 

Figure 7.20. Optical microscope picture of flexible absorber array during stretching. 

 

 Figure 7.21 shows the measured absorbance spectra of the flexible absorber structures at 

both polarizations while deformed with the cylindrical holder.  The flexible absorbers were again 

seen to exhibit nearly identical absorbance at both polarizations while under deformation 

compared to measurements performed before removal from the sacrificial silicon wafer.  

Additionally, the absorbance broadening still occurs in the measurements at the 90° polarization. 

 

Figure 7.21. Absorbance spectra of flexible absorber devices at (a) 0° and (b) 90° 

when deformed by cylindrical vacuum holder. 
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 The measured absorbance spectra of the flexible absorber devices while deformed with 

the hemispherical holder are given in Figure 7.22.  The measurements with this holder were seen 

to match very closely to the previous measurements with the cylindrical vacuum holder.  

 

Figure 7.22. Absorbance spectra of flexible absorber devices at (a) 0° and (b) 90° 

when deformed by hemispherical vacuum holder. 

 

 

 Table 7.2 provides a summary of the measured absorbance peak frequency and strength 

for each of the devices measured.  The values for both vacuum holder types indicated that the 

type of deformation seemed to have little effect on the operation of the absorber, and for that 

matter, the deformation itself had negligible effect on the structure functionality. 

 

Table 7.2. Absorbance at resonant frequency for each flexible absorber device at both 0° and 90° 

orientations for measurements with and without the vacuum holders. 

 

2 μm 4 μm 6 μm 8 μm

0° 90° 0° 90° 0° 90° 0° 90°

THz Abs THz Abs THz Abs THz Abs THz Abs THz Abs THz Abs THz Abs

Planar on Si 0.737 0.845 0.737 0.856 0.740 0.848 0.742 0.776 0.745 0.874 0.747 0.796 0.750 0.916 0.737 0.845

Cylinder 0.737 0.835 0.736 0.823 0.739 0.798 0.743 0.782 0.741 0.862 0.743 0.772 0.744 0.897 0.737 0.842

Hemisphere 0.737 0.794 0.737 0.796 0.740 0.780 0.742 0.735 0.742 0.845 0.742 0.694 0.745 0.872 0.737 0.779
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7.6. Conclusion 

 The flexible absorber structures presented in this chapter were seen in simulation to 

exhibit strong absorption at resonance with frequency sensitivity to the center-to-center spacing 

of the rings composing the FSS.  The fabrication procedure for these devices was difficult to 

optimize, but was found to be capable of producing a polyimide substrate on which future 

flexible devices can be realized.  The measured structures matched well with simulation at the 0° 

polarization.  At the 90° polarization, the two resonant frequencies were seen to have significant 

overlap which resulted in what looked like a single broadened resonant frequency.  This was 

especially obvious in the 4 μm and 6 μm center-to-center displacement structures.  Under 

stretching, the devices had nearly identical absorption with negligible change in absorption 

frequency or strength.  The measurements performed with the 3-D printed vacuum holders 

showed that the operation of the flexible absorber devices has little dependence of the geometry 

of the deforming object.  The structures were shown to maintain functionality around two 

dimensional curves which lends credence to the potential of these structures to lead to future 

applications in cloaking.  
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CHAPTER 8 

CONCLUSION 

8.1. Summary of Findings  

As metamaterials have begun to unlock our ability to manipulate radiation at terahertz 

frequencies, new applications for metamaterials are constantly being developed.  The field of 

terahertz frequency metamaterials is and should continue seeing rapid growth as new discoveries 

continue to be made for the foreseeable future.  This work has sought to address some terahertz 

technologies and many of the recent advances in the field of metamaterials operating at terahertz 

frequencies while providing a detailed summary and discussion of my research outcomes in this 

area including SRRs, perfect absorbers, and flexible absorbers. 

The sample fabrication and measurement techniques employed for the SRR and perfect 

absorber samples were discussed in detail including the design and use of standard 

photolithography and lift-off processes, as well as E-beam metal deposition and THz-TDS 

measurement.  Device fabrication was seen to become progressively more complicated in the 

progression from SRRs to flexible absorbers.  The design and simulation of the devices was also 

discussed with the simulation being used to predict device operating (resonant) frequencies and 

mechanisms of absorption. 

The SRRs studied in this work included single layer, passivated layer, and dual layer 

arrays of dual square concentric SRRs.  The results of this study included the comparison of 

simulation to actual measurement of the SRR arrays as well as evaluation of the SRR size on 

resonant frequency.   The SRR arrays were seen to develop two distinct and switchable LC 
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resonances as well as a dipole resonance by measuring the arrays at 0° and 90° in-plane rotations 

about the terahertz pulse path.  Particular emphasis was given to the observed effects of the 

addition of a passivation layer and second layer of split-ring resonators.  The addition of the 

passivation layer served to effectively lower the resonant frequencies of the SRRs.  The dual 

SRR layer array was seen to have a slight modulating effect on the absorption strength at the 

resonant frequencies compared to that of the passivated array without the second SRR layer.  The 

SRR results are soon to be published.
196

 

All of the absorbers fabricated for this work were designed with the three layer approach 

using a FSS layer, a conducting metal ground plane and a spacing dielectric layer which 

separates the previous two layers.  For the 2-T and 4-T perfect absorbers, the FSS layer consisted 

of single layer metallic ELC resonators, where the 2-T absorbers were polarization dependent, 

and the 4-T absorbers were insensitive to the polarization of the incident radiation.  The 

polarization sensitivity of the absorbers was characterized through reflection mode THz-TDS by 

rotating the absorber arrays in-plane about the terahertz pulse path in order to simulate the 

change in incident polarization.  The polarization insensitivity of the 4-T absorbers was modeled 

with an equivalent circuit model which was used to explain the phenomena.  Both the effect of 

absorber size parameter dimensions and the dielectric spacing layer thickness were investigated 

with the size dimensions seen to control the resonant frequencies, and the dielectric spacing layer 

thickness seen to modulate the strength of absorption.  The absorbance of the devices was seen to 

be broadened compared to that seen in the simulation with the broadening effect attributed to a 

reduction in the conductivity of the deposited copper ELCs.  Reconstructed images based on 

time and frequency domain spectroscopic data were also presented.  The 4-T absorber results 

have been recently published.
197
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 The flexible absorber FSS consisted of dual layer single, circular rings separated by an 

additional dielectric (polyimide) spacing layer.  Simulation showed that the resonant absorption 

strength, and to a lesser extent, the resonant frequencies of the device were dependent upon the 

center-to-center spacing of the FSS rings, leading to the suggestion that the device could have a 

possible application as a stress/strain sensor.  The measurement results for the structures showed 

that the resonant frequencies and absorbance strengths were well matched with those from 

simulation, although the subsequent stretching of the device during measurement yielded no 

visible change in either the resonant frequencies or absorption strengths.  Measurements with the 

custom vacuum holders revealed that the functionality of the flexible absorbers is not affected by 

deformation, regardless of the shape.  Furthermore, these structures were seen to maintain 

functionality around a two dimensional curve which means they could lead to future applications 

in cloaking. 

 

8.2. Future Work 

The SRR measurements designed to isolate the magnetic component of the incident 

radiation did not yield meaningful results because the SRRs were so small compared to the cross 

section of the terahertz pulse path.  Through the proper design and implementation of a 

waveguide, which could effectively compress the terahertz pulse path cross section, this 

difficulty could be overcome and allow for successful measurement of the SRR arrays in this 

orientation.  The most likely candidate for this would be a simple parallel plate waveguide.  

However, additional work would be needed to determine the appropriate method for coupling the 

terahertz pulses into the waveguide. 
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 The next logical step for the planar perfect absorbers is incorporation into an active 

device.  This could be in the form of a bolometric scheme for detection or sensing.  These 

absorbers could also be incorporated into a transmission based communications system to serve 

as an optical attenuator or modulator. 

The flexible absorber device has several tasks that would be required before being useful 

in the envisioned application as a stress/strain sensor.  The measurements of the device revealed 

that the out-of-plane rings in the FSS did not move relative to each other during the stretching 

measurements, so the first task would be the determination of a new, stronger method of 

stretching the flexible absorbers that could allow for characterization of the structures for this 

purpose.  Additionally, although the polyimide substrate is quite flexible, a new, even more 

flexible material could allow for more mobility of the ring structures composing the FSS.  The 

third task would be to better characterize exactly how the surface of the flexible absorber is 

deformed during deformation by the vacuum holders so that more accurate simulation models 

may be constructed.  Finally, it may also prove possible to use a single layer of rings to realize 

this applications if the material is sufficiently flexible to allow a single ring to be stretched from 

spherical to elliptical. 
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