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ABSTRACT 

Progress in the field of metamaterials has started coming to a point where the field may 

finally begin to emerge as a viable solution to many electromagnetic challenges facing 

the community. No where is that more true then at terahertz frequencies where there lies 

an immense opportunity for growth. The development of mature technologies within this 

region of the electromagnetic spectrum would provide a valuable resource to become 

available for a multitude of applications. In order to achieve this, the necessary first steps 

of identifying viable materials and paths to integrate these with metamaterials will need 

to be completed. 

 In this dissertation, we examine several different paths to achieve dynamic 

metamaterial electromagnetic response at terahertz frequencies, and demonstrate several 

paths to package these devices into imaging systems. In Chapter 1, we introduce the basic 

theory and design principles of metamaterials. We also describe the experimental 

techniques involved in the study of terahertz metamaterials. Chapter 2 presents a 

computational and experimental study investigating the integration of high electron 

mobility transistors with metamaterials allowing for high speed modulation of incident 



 

 

terahertz radiation. In Chapters 3 and 4, we investigate several different paths to create 

tunable terahertz metamaterial absorbers. Chapter 3 presents an investigation where we 

encapsulate a metametarial absorber unit cell with liquid crystals. We study both 

computationally and experimentally the tuning mechanism of the absorber as the liquid 

crystal refractive index is controlled as a function of the applied electric field strength and 

modulation frequency.  In Chapter 4, we form a doped semiconducting metamaterial 

spatial light modulator with multi-color super-pixels composed of arrays of electronically 

controlled terahertz metamaterial absorbers. We computationally and experimentally 

study the independent tunability of each pixel in the spatial array and demonstrate high 

speed modulation. 

Chapter 5 introduces  a multiplex imaging approach by using a terahertz spatial light 

modulator to enable terahertz imaging with a single pixel detector. We demonstrate the 

capability for high speed image acquisition, currently only limited by the commerical 

software used to reconfigure the spatial masks. We also configure the system to capture 

high fidelity images of varying complexity. In Chapter 6, we show how a metamaterial 

absorber can be implemented into a detector focal plane array for high sensitivity, low 

mutual coupling,  and broad angle performance. Finally, we summarize in Chapter 7 the 

achievments of the research presented and highlight the direction of future work. 
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CHAPTER 1 

1. Introduction 

The ability to dynamically control the response of a photonic device to electromagnetic 

radiation is a very powerful concept that has long been a goal of scientists and engineers. 

Metamaterials are engineered electromagnetic materials which enable the precise control 

over light and are optimistic candidates to achieve this degree of freedom.  Over the past 

decade, interest of the scientific and engineering communities for developing such 

metamaterial structures has been continuous and increasing. Experimental realizations of 

negative index of refraction [1,2], invisibility cloaks [3], and perfect lensing [4,5] all 

served to ignite the field. As metamaterial research continues to mature, demonstrations 

of practical devices will become increasingly important for continued growth. 

Metamaterial based sources, detectors and modulators that could be used in 

communication systems, or for imaging and sensing applications, would go far to validate 

the initial promise of the technology. 

 This is especially true at terahertz (THz) frequencies where components necessary 

to efficiently manipulate THz radiation remain in need of substantial development in 

order to provide realistic solutions [6]. THz radiation has great potential for imaging 

applications [7,8] due to its ability to penetrate most dielectric materials and non-polar 

liquids. Its harmless interaction with human tissue suggests imaging in this regime has 

immediate applicability in the fields of biodetection [9], system inspection [10], and 

detection of illegal drugs [11]. However, a significant limitation currently preventing 

wide-spread THz imaging is the absence of efficient sources and detectors operating 
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between 0.1 and 10 THz - a band of the electromagnetic spectrum often referred to as the 

``THz gap'' [12].    

 Metamaterials have proven to be very resourceful at THz frequencies in achieving 

material response behaviors that do not exist in nature and can be designed to possess 

properties with significant advantages over conventional materials. The work presented 

here explores and demonstrates several different paths to achieve dynamic THz 

metamaterials. We hybridize metamaterials by embedding an assortment of exotic 

materials including semiconductors and liquid crystals to efficiently control the material 

response. We also explore several paths in which metamaterials can be leveraged to form 

imaging systems. This includes the development of spatial light modulators (SLMs), 

which we demonstrate can be used for THz single pixel imaging.  

1.1. Overview of Metamaterials 

A commonly accepted definition for metamaterials is that of an artificial material which 

has an effective material response that is determined by the design geometry and not that 

of the constituent materials. This definition of metamaterials is not restricted solely to 

electromagnetics, but can also be applied to many different areas of physics including 

acoustic [13] and thermodynamic [14] systems. In electromagnetics, Maxwell’s equations 

and the constitutive relations describing the electromagnetic theory of light present a 

description governing all classic light-matter interactions. Naturally occurring materials 

have electronic properties that are classified as insulators, conductors or semiconductors. 

Ultimately, it is the atomic structure of each material that determines the exact nature of 

the electronic behavior and the resulting optical constants that influence how impinging 

electromagnetic radiation interacts in accordance with Maxwell’s equations. In a similar 
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fashion, metamaterials are formed by taking very subwavelength (/10) structures to 

function as electric and magnetic dipoles that behave analogously to atoms inside a bulk 

homogeneous material. The macroscopic electromagnetic material response is thus 

defined in terms of an effective dielectric permittivity        and magnetic permeability 

       parameters [15-17]. These effective constitutive parameters provide a useful way 

to understand electromagnetic wave interaction with metamaterials, making the 

calculation of the complex quasistatic local-field structure unnecessary [18]. 

1.1.1. Split ring resonators 

The magnetic properties of split ring resonators (SRRs) was proposed long before the 

advent of metamaterials [19], though John Pendry was the first to propose a structure 

composed of an array of SRRs and quantifying the array as an artificial material 

possessing an effective magnetic response [15]. In addition to describing the concept of 

forming an effective medium the relationship relating the SRR unit cell geometry to the 

material response was also derived. The SRRs shown in Fig. 1.1(a) are built from 

nonmagnetic conducting sheets, whose material response shown in Fig. 1.1(c) can be 

determined solely by the SRR geometry (Pendry described a similar concept for an 

effective electric response with an array of thin wires [20]). The frequency dependent 

     can be expressed in the form similar to a Lorentz oscillator [15,21] 

 
          

   

     
     

 
(1.1) 

where   is the geometrical factor,     is the resonance frequency,   is the resistive loss in 

the resonating SRR. The influence of the constituent metal conductivity  influences the 

overall oscillator strength, but in practice this is always limited by the underlying 
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supporting dielectric, whose losses are much more significant in comparison to the ohmic 

losses found in metal conductors in microwave and THz metamaterials. 

 

Figure 1.1 Magnetic split ring resonators (SRRs). (a) Incident electromagnetic wave 
propagates across SRR array, where the element spacing a is one order of magnitude 
smaller than the free space wavelength   . (b) The simulated reflection and transmission 
for an SRR with a = 10 mm. (c) The extracted magnetic response (solid curves) from the 
simulation results shown in (b) and method is discussed in 1.2.2,  also shown is the 
response when fit with the theoretical model listed in Eq. 1.1, where       ,     
        GHz, and        s-1. 

 The resonant response of metamaterials typically refers to the fundamental mode, 

corresponding to the lowest frequency excited resonance. For an SRR, the fundamental 

mode can be excited magnetically with an incident electromagnetic wave as shown in 

Fig. 1.1(a). In Fig. 2 the resonant current, electric, and magnetic field distributions are 

respectively shown for the excited SRR. At this frequency, the oscillating magnetic field 

component of the incident electromagnetic wave induces an oscillating current that 

causes charge of opposite polarity to accumulate in the gap of the split ring, thereby 

producing a strong enhancement of electric field.  The magnetic and electric field 

enhancement shown in Fig. 2(b,c) are 90 degrees out of phase where the peak magnetic 

field corresponding to a maximum current density is shown in Fig, 1.2(a).  
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Figure 1.2 The split ring resonator (SRR) resonant field distributions in the plane of the 
metamaterial where (a) shows the resonant current density, (b) the maximum electric 
field, and (c) plots the maximum magnetic field.  

The resonant response of SRRs, and for most metamaterials, can be described 

conceptually as an LC circuit [22], where the inductance, L, comes from the path length 

and area enclosed by the ring, and the capacitance, C, from the split gap. From an 

engineering perspective this is useful as the resonance frequency      √  , meaning 

that by simply scaling these variables one can achieve a resonant response at nearly any 

frequency, though in practice material parameters in general vary considerably across the 

electromagnetic spectrum. This description is also useful in conceptualizing dynamic 

metamaterials, wherein the majority of research focuses on different mechanisms of 

controlling the capacitance associated with the split gap (this will be outlined in more 

detail below in section 1.1.5).  

1.1.2. Additional types of metamaterials 

SRRs have proven to be of immense interest due to their magnetic response, but many 

alternative structures have also been proposed with different functionalities. Electric ring 

resonators (ERRs), also known as electrically coupled LC (ELC) resonators, have a 

modified asymmetric geometry compared to conventional SRRs, which enables them to 

effectively cancel the magnetic moment and only couple to the incident electric field 
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vector as illustrated in Fig. 1.3 [23,24]. The electric response is shown in Fig. 1.4(c), 

similar to that of the magnetic response of the SRR in Fig. 1.1(b), where      takes the 

form [25,26]  

 
           

   

     
     

 
(1.2) 

where   is the frequency independent dielectric permittivity in the supporting dielectric 

substrate that is due to the contribution of bound electrons. These studies have also 

investigated the different levels of response for modified ERR structures having created a 

range of polarization sensitive and insensitive (four-fold symmetry) designs [24].  

 

Figure 1.3 The electric coupled LC (ELC) resonant field distributions in the plane of the 
metamaterial where (a) shows the resonant current density, (b) the maximum electric 
field, and (c) plots the maximum magnetic field. 

 

Figure 1.4 Electrically coupled LC resonators (ELCs). (a) Incident electromagnetic wave 
propagates normal to ELC array, where the element spacing a is one order of magnitude 
smaller than the free space wavelength   . (b) The simulated reflection and transmission 
for an ELC with a = 10 mm. (c) The extracted electric response from the simulation 
results shown in (b) and method is discussed in 1.2.2, also shown is the response when fit 
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with the theoretical model listed in Eq. 1.2, where        (FR4 dielectric),       ,  
           GHz, and        s-1. 

Chiral metamaterials have been demonstrated to have unique interactions for 

either handedness of light [27], and Pendry demonstrated how this could be exploited in 

generating an alternative means of achieving a negative index of refraction material [28]. 

Metamaterials can be designed to be extremely subwavelength (~/2000) [29], thus 

allowing for several different approaches involving multiple fundamental resonant 

frequencies to form the effective material response. Some studies have demonstrated this 

by using bipartite structures within a planar design [30], or by stacking metamaterial cells 

with slightly varying geometry thereby increasing the resonant bandwidth of the effective 

material response [31]. Complimentary structures have been explored and theoretically 

explained using Babinet’s principle [32,33]. These structures display a reversal of the 

transmission and reflection as compared to the regular structure. 

1.1.3. Metamaterial absorbers 

Metamaterials can be designed to yield highly efficient absorption by careful tailoring of 

their electric and magnetic response functions. Metamaterial absorbers (MMAs) have 

sparked significant interest since their first demonstration [34,35] and hold great potential 

for use in applications ranging from thermal emitters [36] and energy harvesting [37], to 

sensors and narrow band absorbers [38]. The ability of sub-wavelength metamaterial unit 

cells to completely absorb incident electromagnetic energy has been demonstrated across 

much of the electromagnetic spectrum as depicted in Fig. 1.5(a) [34,39-41]. One key 

design feature afforded by metamaterials is the ability to engineer materials for matching 

the impedance      √          of the MMA to that of free space, thereby 

minimizing the reflectance. The resonant nature of the MMA structures generates high 
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electric fields in the gap, completely dissipating the incident energy into a combination of 

dielectric and ohmic losses (See Fig. 1.5(c)) [38,39]. 

 

Figure 1.5 (a) Metamaterial absorbers (MMAs) have been experimentally demonstrated 
to achieve near perfect absorption across the electromagnetic spectrum ranging from 
microwave to optical [41].  (b) Schematic of MMA unit cell where the electric resonator 
is on top of a dielectric spacer with a ground plane on the backside. (c) Power loss 
density shown in metamaterial plane directly underneath the double electric ring 
resonator (dERR). (d) Current densities shown for the dERR and ground plane. 

 Metamaterial absorbers typically consist of two metallic layers spaced apart by 

virtue of a dielectric spacer [35]. The top metal layer is geometrically patterned in order 

to strongly couple to a uniform incident electric field. By pairing the top layer with a 

metal ground plane, a mechanism for coupling to the magnetic component of light is 

created - see Fig. 1.5(b).  The magnetic response forms anti-parallel currents in the top 

and bottom metal layers, whereas the electric response resonates the electric resonator 

shown in Fig. 1.5(d) [34]. Altering the geometry of the metallic pattern and dielectric 

thickness enables tuning of the effective material response parameters allowing for both 

impedance matching and strong absorption at nearly any desired frequency.  MMAs are 

quite remarkable and have been demonstrated experimentally to possess many interesting 

properties such as polarization sensitive and insensitive designs [26], absorb incident 
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radiation over a wide incident angles for both TE and TM polarizations [42], multi-

absorption bands [43], and dynamic MMAs can be formed [44,45]. 

1.1.4. Terahertz metamaterials 

Metamaterials that are resonant at THz frequencies have demonstrated the ability to 

generate material properties not easily obtainable in nature, most notably a magnetic 

response that is particularly rare at THz frequencies [46]. The experimental 

characterization of many different types of materials has shown that many non-metallic 

and non-polar medium possess relatively weak interactions with incident THz radiation 

[47]. Alternatively, materials can be strongly opaque as in the case of metals, which are 

highly reflective, or water vapor which is strongly absorptive [48-50]. Metamaterials 

allow for control of both electric and magnetic response providing a path to achieving 

responses that are absent within natural existing materials.  These artificial materials 

contain the added benefits of being able to possess dynamic control of the material 

response as well as spectral selectivity. Both of which are useful properties for the 

development of novel sensing and imaging systems that would provide the capability for 

identification of molecular compounds and or chemicals. Many of these substances have 

specific THz signatures i.e., molecular vibrational absorptive modes serving as chemical 

fingerprints. In addition, such devices can be deigned to operate within an atmospheric 

transmission window to provide suitable visibility at manageable working distances [47].  

The length scale associated with metamaterials resonant at THz frequencies is on 

the order of several microns with respect to the smallest feature sizes, and tens of microns 

for a typical unit cell dimension. The size of these features permits the use of 

conventional microfabrication techniques resulting in cost effective, highly efficient 
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means of production. Common substrates for THz metamaterials are semi insulating 

gallium arsenide (SI-GaAs) and high resistivity silicon (-Si) which allow for minimal 

absorption through the substrate. Free standing (substrate free) metamaterials have also 

been fabricated on thin layers of silicon nitride [51], polyimide [52], parylene [53], and 

silk [54]. Many different types of THz metamaterials have been experimentally studied 

and have demonstrated extraordinary responses, these include: negative index of 

refraction [55,56], chiral structures [57], metamaterial absorbers [39], and extraordinary 

optical transmission [58]. 

1.1.5. Dynamic metamaterials 

In recent years demonstration of frequency agile and tunable metamaterials have shown 

great potential for applications at THz frequencies. Various methods have been utilized to 

achieve amplitude and frequency modulation including photodoping [59,60], electronic 

control [61-63], temperature control [64], and microelectromechanical systems (MEMS) 

[65]. Similar type designs have also shown the capability to modulate the electromagnetic 

phase [66]. Electronic control is of particular interest to many because of the ability to 

integrate such devices with electronics and for achieving high modulation speeds [63].  

 The underlying mechanisms behind each of these forms of control rely on very 

similar principles. In the case of MEMS integrated metamaterials, the physical geometry 

of the resonant structure can be reconfigured to alter the electromagnetic response, as was 

demonstrated through either a cantilever design [65] and comb-drive actuation [67]. As 

discussed in section 1.1.1, the electric field located in the split gap formed by the SRR 

has an extremely large field enhancement factor; as a result the resonant response is 

highly influenced by the underlying dielectric. The complex permittivity of the substrate 
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  ̃        , is composed of the real and imaginary components, which can be 

controlled through various mechanisms and utilized to achieve tunability in the resonant 

metamaterial structure. Changes in    are inversely proportional to a shift in the resonant 

frequency, whereas    is directly related to the damping factor of the resonance. 

Materials that have independent control of the real and imaginary components are ideal 

from an application prospective, allowing one to generate efficient frequency shifters or 

amplitude modulators.  

1.2. Experimental techniques 

Experimentalists exploring the world of metamaterials have many tools with which to 

create and characterize samples. Historically speaking, in experimental condensed matter 

physics, investigations of materials have consisted of long cycles for the development 

and discovery of new materials. Material growth is run by specialists, where years of 

effort are often required to produce samples of sufficient quality. For optical 

measurements, single crystal samples can be rather difficult to obtain with the necessary 

size to characterize. In the world of metamaterials many of these concerns are alleviated 

due to optimization cycles that combine experiment and simulation. The fabrication 

techniques which utilize standard clean room methods such as UV lithography and E-

beam writing are able to produce large area and high quality samples.   

1.2.1. Simulations 

Ideally, creating analytical models would allow one to extract important information 

about the underlying mechanisms of metamaterials, but this is quite difficult to 

accomplish for typical metamaterial structures of complex geometries. Full wave 3D 

electromagnetic simulations of metamaterials offer a theoretical tool that has contributed 
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to the exponential growth occurring within the field. Researchers can accurately model 

the response of complex composite structures computationally by using known material 

parameters, such as the conductivity for Cu (             S/m) and Au (    

         S/m), along with various dielectric materials such as Si (        ) and 

GaAs (          ), to calculate the reflection and transmission coefficients. The basic 

principles behind these numerical methods are to discretize the unit cell with appropriate 

boundary conditions, and then solve Maxwell’s equations in partial differential form at 

each point within the grid.  

 There are classically two main approaches which are used by researchers, with the 

first being the finite difference time domain (FDTD) method [68]. FDTD is very 

attractive in order to simulate the response over a large bandwidth in a computationally 

efficient manner. The second method is the finite element method (FEM) which solves 

the discretized form of Maxwell’s equations for a specified frequency, i.e. at a fixed 

wavelength [69]. This method can generate improved accuracy relative to the FDTD 

solver by generating a more complex tetrahedral meshing. This conforms to non-linear 

geometries and adaptively scales local meshing cells to produce higher mesh densities 

within the high field regions. 

We primarily use CST Microwave Studio commercial solver in our research 

which uses a slightly different approach referred to as the finite integration technique 

(FIT).  Their software functions as a FDTD equivalent transient solver and a FEM 

equivalent frequency solver. FIT preserves Maxwell’s equations in integral form. In 

general, is a more robust method in comparison to classic FDTD methods. This allows 

for increased efficiency in solving larger and more complex structures. One additional 
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advantage of using this software is the flexibility to integrate simulation results into 

circuit designs. This is used in the work described in Chapter 6 where we have used a 

metamaterial absorber to form a focal plane array at microwave frequencies. The 

electromagnetic response of a metamaterial with impedance matching circuit was 

calculated using this feature.  

1.2.2. Homogeneous parameter extraction 

Determining the constitutive parameters of materials from optical spectroscopic 

measurement is a powerful technique that has contributed invaluable information 

including the frequency dependent optical constants for a host of materials. Conventional 

transport measurements and electronics can characterize DC behavior and RF responses, 

but optical characterization is useful for characterization of various materials from 

millimeter-wave to UV. Metamaterials can also be investigated with similar techniques to 

determine the effective response of the artificial material.  

 A transfer-matrix formalism allows for a simple isotropic, homogeneous solution 

for the extraction of the material parameters from the measured complex reflection (   ) 

and transmission (   ) coefficients [16,70]: 
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(1.4) 

where the wavenumber of the incident wave is        and   is the unit cell 

dimension. The relationship between the refractive index   and impedance   to      and 

     are the following 
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(1.5) 

thus the full material response can be determined. Experimentally, it is very difficult to 

achieve accurate measurements of both the reflection and transmission coefficient, but in 

simulation this can be done easily.  

1.2.3. Fabrication methods 

In most general cases THz metamaterials can easily be fabricated using standard 

cleanroom photolithography; this allows for easy integration with different substrates and 

or materials for application specific functionality. Standard mask aligners tolerate up to 5 

inch mask size allowing for fabrication of samples on wafers up to 4 inches in diameter. 

Typical feature sizes that can be obtained in a cleanroom are down to 2m resolution 

(with slight rounding of sharp features below 4 m). Au is conventionally selected as the 

metal deposited to form the metamaterials, along with thin a titanium (Ti) adhesion layer. 

The total thickness is between 100 and 200 nm, chosen to be sufficiently large compared 

to the penetration depth (75 nm at 1 THz) [71]. Many of the precise fabrication details 

can be found in the early literature and, while many of the hybrid devices presented in 

this manuscript utilize these techniques, we also present several new approaches that are 

discussed in more detail in the subsequent chapters. 

1.2.4. Terahertz time domain spectroscopy 

THz time domain spectroscopy (THz-TDS) is a technique that was first developed in the 

late 1980’s and whose science quickly matured within the 1990’s becoming one of the 

most useful tools in performing THz spectroscopy and uncovering the dynamics within 

ultrafast materials systems [72,73]. These room temperature systems offer SNR 
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performance in excess of 10,000 thus providing a very accurate means of characterizing 

materials from 0.1 to over 4 THz with up to 1 GHz resolution [72,74]. A typical THz-

TDS system using photoconductive antennas is shown schematically in Fig. 1.6 where an 

optical chopper has been substituted for THz metamaterial modulator that is discussed in 

more detail in Chapter 2. A 532 nm wavelength 4 W neodymium-doped yttrium 

aluminum garnet (YAG) laser beam is used to pump the titanium sapphire (Ti-sapphire) 

ultrafast laser that typically outputs a train of optical pulses centered about 800 nm 

wavelength (~100 fs in duration), at a repetition rate that varies from 70 to 100 MHz. 

The beam is split into two different paths with one path going through a controllable 

delay stage, and the other path being a fixed distance. One beam is used for THz 

generation, creating a THz pulse of ~1ps duration, the THz beam is then focused through 

the sample and directed onto the detector. The detector is sensitive to the incident THz 

electric field         for time increments that are much less the then 1 ps, thus by 

scanning the delay line a measure the of the         as a function of time can be 

accomplished. An example of the measured time waveform is shown in Fig. 1.7(a), 

where the Fourier transform of the time signal calculates the frequency dependent 

complex electric field spectrum  ̃       (magnitude shown in Fig. 1.7(b)). The spectral 

resolution is inversely proportional to the length of the temporal scan. 
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Figure 1.6 A schematic of the THz time domain system that was setup for the study of 
the THz modulation discussed in Ch. 2 where we demonstrate high speed THz 
modulation with a hybrid device consisting of high electron mobility transistors (HEMT) 
monolithically integrated with metamaterials (MM).  

 

Figure 1.7 THz data collected by THz-TDS system with an open aperture reference and 
optical chopper used to lock into the THz signal. (a) The raw data taken from the lock-in 
is output in Volts. (b) The resulting spectrum calculated by taking the Fourier transform 
of the data shown in (a) after zero padding. 

 The generation antenna typically uses a stripline antenna fabricated on a GaAs 

substrate (Band gap of 1.42 eV = 874 nm), where the two lines of the antenna have a DC 

bias set across them. The optical beam excites free carriers in the GaAs generating a 

current which radiates THz electromagnetic radiation where the central emission 
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frequency can be controlled by virtue of the stripline spacing (~ 0.3 THz for 80 m 

spacing [See Fig. 1.7(b)], and         is proportional to the time derivative of the current 

density generated. On the detector side a dipole antenna is used on top of a substrate 

material with optical generated carriers that boast very short carrier lifetimes; such as low 

temperature grown LT-GaAs, Er:GaAs nanoislands, or ion-implanted silicon-on-sapphire 

(SOS) [75] . The antenna is unbiased and a current is generated by combination of the 

photogenerated carriers which are accelerated by local THz electric field vector. Due to 

the short carrier lifetime the current generated      is directly proportional to 

        [74] 

 
     ∫                

 

  

 
(1.5) 

where      is the time dependent conductivity relating the free carriers optically excited 

in the substrate. The current is passed respectively to a preamplifier and lock-in amplifier 

and outputs a measured DC voltage proportional        .  

1.2.5. Fourier transform infrared spectrometry 

An alternative to characterizing metamaterials with a THz-TDS system is using a 

commercial Bruker Vertex 80 V Fourier transform infrared spectrometer (FTIRs) shown 

in Fig. 1.8(a). This instrument is a vacuum system and uses a Michelson interferometer to 

perform broadband spectroscopic measurements over a continuous range from 5 cm-1 to 

50,000 cm-1 ( ~ 2 mm to 200 nm), with better than 0.2 cm-1(6 GHz) spectral resolution. 

Each spectral region requires a specific configuration to achieve optimal signal to noise 

(SNR), where at THz frequencies a mercury (Hg) arc lamp is used as a source, the 

beamsplitter is made from thin mylar (6 m to 125m) , and the detector is a liquid 
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helium cooled Si bolometer made by Infrared Laboratories. The FTIR is coupled to a 

Hyperion microscope (See Fig. 1.8(b)) which allows us to perform THz microscopy 

down to 2 THz.  

 

Figure 1.8 Pictures of the Bruker Vertex 80V Fourier transform infrared spectrometer 
(FTIR) and the Hyperion 2000 FTIR microscope. 
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 Interferometric infrared spectroscopy utilizing two-beam interference was 

originally designed by Michelson in the late 19th century [76]. The theory behind the 

operation is that by dividing the beam into two paths and then recombining the beam 

after introducing a controllable difference in path length, interference between the two 

beams occurs. The intensity dependence on the path difference, referred to as the 

interferogram, is shown in Fig. 1.9(a). The interferogram is measured by a single detector 

where the Fourier transform of the interferogram extracts the wavelength dependent 

intensity spectrum shown in Fig. 1.9(b) [77] (This is analogous to how the THz-TDS 

relates the time dependent electric field waveform to the frequency dependent electric 

field spectrum). In the Bruker system, the beam is split into two separate paths by use of 

a beamsplitter, where one path reflects off a stationary mirror, and the other beam reflects 

off of a movable mirror which oscillates back and forth with a constant mirror velocity. 

The recombined beam transmits through the sample chamber where focusing mirrors 

direct the beam into the detector (Si-bolometer for THz, MCT for Mid-Infrared (MIR), 

and several different DigiTect-detectors for detecting in the near-infrared (NIR) to UV).  

 

Figure 1.9 THz data collected by FTIR. (a) The interferogram plots the measured 
intensity as a function of mirror step position. (b) The resulting spectrum calculated by 
taking the Fourier transform of the interferogram shown in (a).  
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CHAPTER 2 

2. High speed terahertz modulation from metamaterials with embedded high electron 

mobility transistors 

Another area of significant research is the use of two-dimensional electron gases 

(2DEGs) in high electron mobility transistors and their interaction with THz waves. 

Studies have demonstrated the ability to create the trifecta of emission [78], detection 

[79], and modulation [80] of THz electromagnetic waves.  The work of Dyakonov and 

Shur [81,82], has demonstrated that the 2DEG instability in short channel HEMTs has a 

resonant response to electromagnetic radiation at a frequency governed by the size and 

shape of the channel, i.e. the geometrical plasmon frequency. Tuning the plasmon 

resonant frequency to the incident THz wave has been used to create detectors, mixers 

and multipliers.  Due to the non-radiative nature of 2DEG plasma oscillations (2DPs), the 

HEMT architecture has been implanted into a variety of structures mainly based on metal 

wire gratings. These structures have shown broadband THz electromagnetic response at 

temperatures up to 300 K.  

When implemented as THz modulators these devices have demonstrated 

significant advantages over alternative architectures, such as quantum well structures 

which require cryogenic temperatures, and liquid crystals which possess relatively slow 

speeds [83,84]. HEMT devices have thus far been limited to relatively low transmission 

modulation values of less than 3%, and maximum modulation frequencies of 10 kilohertz 

(kHz) [85]. Here we present a hybrid HEMT / metamaterial device that utilizes 

monolithic integration of transistors at the metamaterial unit cell level and is able to 
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perform as an intensity modulator at terahertz frequencies with switching speeds up to 10 

MHz [63]. 

 

Figure 2.1 Design and structure detail of the HEMT based electronically controlled THz 
metamaterial modulator. (a) Single unit cell of the metamaterial element, as modeled for 
simulation. The HEMT is identified and lies under each split gap of the metamaterial. (b) 
Schematic depicting the entire HEMT / metamaterial device, and the polarization 
orientation of the incident THz wave is shown. (c) Cross-sectional view of the HEMT / 
metamaterial device in proximity to the split gap. (d) Band diagram detailing the 2DEG 
layer in the undoped InGaAs at the interface with the Schottky layer. 

2.1. Design and fabrication 

The sample was constructed using a commercial GaAs technology which consisted of 

three metal layers, an enhanced mode pseudomorphic HEMT, and a silicon nitride 

encapsulating dielectric, see Fig. 2.1. The technology utilized for this study is primarily 

used for mobile phone applications and to our knowledge this is the first time this has 

been used for THz metamaterial applications. The top metal layer, 2.1 m thick gold, is 

patterned to form the metamaterial layer [63]. A different metal layer forms the gate of 
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the device and is also used for connecting all the gates within the same row. A 0.176 m 

thick ohmic layer, which is also utilized as a routing layer, was primarily used for 

connecting the source and drain of the HEMT to the metamaterial. The source and drain 

are shorted through the metamaterial as a direct consequence of the metamaterial 

structure we have selected. 

The metamaterial geometry used in this work is based on the electric split-ring 

resonator (ESRR) [23,24], and a detail of the unit cell is shown in Fig. 2.1(a). Each unit 

cell consists of two single rings butted together with their split gaps at the outside to 

accommodate design rules specific to the implemented technology. The line width of the 

metamaterial is 4 m and the split gap is 3 m. The metamaterial had the dimensions of 

42 m wide by 30 m in height. A periodic array of these unit cells as shown in Fig. 

2.1(b) was fabricated, with period of 55 m x 40 m, and a total size of 2.75 x 2.6 mm2 

with 3200 elements total. Metamaterial elements are fabricated on a 100 m thick semi-

insulating (SI) GaAs substrate. 

A HEMT lies underneath each of the split gaps of the metamaterial element, (two 

per unit cell), as shown in cross-section in Fig. 2.1(c). The gate length is 0.5 m and has a 

width 5 m for each device. The HEMT is constructed using pseudomorphic undoped 

InGaAs and a lightly doped Schottky layer, each 13 nm thick, creating a heterojunction. 

A 2DEG is formed in the undoped InGaAs channel layer as predicted by the band 

diagram at the interface (Fig. 2.1(d)) [86]. Unlike traditional FETs, this channel is formed 

in an intrinsic (undoped) crystal, resulting in very high mobility (~ 3000 cm2/Vs) and 

charge density (~ 1.5 x 1012 cm-2) at room temperature, thus enabling fast conduction 
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even at THz frequencies. We simulated the DC behavior of the device using Agilent's 

Advanced Design System (ADS) software. The dependence of the current between the 

source and drain terminal (IDS) on the gate bias voltage (VGS), and on the drain to source 

electric field (EDS) is shown in Fig. 2.2(a) and (b), respectively. 

 

Figure 2.2 The simulated I-V characteristics of the HEMT. (a) Drain-to-source current 
(IDS) as a function of gate-to-source (VGS) voltage. (b) IDS as a function of drain-to-source 
electric field (EDS), operating in the linear region. 

The same metal layer which is used to form each metamaterial is also used to 

connect each element together within the same row. These wires run perpendicular to the 

split gaps, and we polarize the electric field of incident radiation perpendicular to the 

connecting wires which avoids the Drude-like response documented in prior works [61]. 

At the perimeter of the device each row is connected vertically using the ohmic layer and 

all elements are connected to a single bond pad to provide DC bias voltage for the drain 

and source of the HEMT. The gates for all HEMTs are connected in a similar fashion to a 

single bond pad which provides the DC bias voltage for the gate. 
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The entire unit cell was modeled using a commercial finite difference time 

domain (FDTD) solver, CST's Microwave Studio, in which the metamaterial was 

designed to be resonant at 0.46 THz. The physical dimensions of the material layers in 

the device were modeled as shown in Fig. 2.1(c). The gold and ohmic layers were 

modeled as lossy metals based on their respective DC conductivity values. For both the 

n+ and Schottky semiconductor layers, we utilize a frequency dependent Drude model for 

the conductivity. The 2DEG was simulated as a 2 nm thick Drude layer, which enables an 

accurate modeling of the HEMT device in both the conductive and the depleted (non-

conducting) states. This is representative of what occurs in experiment by applying gate-

to-source voltage (VGS) of 0 V (conductive) and -1.1 V (depleted). This method allowed 

us to simulate the THz transmission of the device for various DC biases. 

2.2. Results and discussion 

2.2.1. THz Transmission with DC Biased HEMT  

The device was characterized using a THz-TDS which has been previously described in 

detail [87]. The incident time-domain THz electric field    
⃗⃗  ⃗     was polarized along the 

split gap to drive the metamaterial elements into resonance. At the resonant frequency of 

the metamaterial, (0.46 THz), the electric field is concentrated within the split gaps of the 

metamaterial and is within the linear regime of the device owing to the low incident 

power used in experiments. The reference signal was measured with the sample removed 

from the beam path in order to normalize the data and calculate the absolute transmission. 

In Fig. 2.3(a) we show the transmitted electric field as a function of frequency for 

different VGS values. For VGS less than -1.0 V, the channel is completely depleted, (see 

Fig. 2.2), and transmission shows a resonance at 0.46 THz. When the gate-to-source 
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voltage is increased above -1.0 V, the channel starts forming between the split gaps, and 

the metamaterial resonance begins to diminish. At VGS = 0 V, when the channel is 

completely formed, a low-impedance path at the split gap is created which effectively 

shorts the metamaterial resonant response. It can be seen in the transmission data (Fig. 

2.3(a)) that the frequency response shows no resonance at VGS = 0 V. 

 

Figure 2.3 (a) Frequency dependent transmitted electric field for the HEMT / 
metamaterial device as a function of bias. (b) Voltage dependence of the differential 
transmission as defined in the text. 

In order to elucidate the switching ability of the terahertz metamaterial, we plot 

the differential transmission, defined as      [       
           ] 

           in Fig. 2.3(b). The black curve of Fig. 2.3(b) is two successive transmission 

measurements divided by each other, both at VGS = 0 V, thus representing the frequency 

dependent noise. For a differential transmission of VGS = -0.5 V, cyan curve of Fig. 

2.3(b),      is relatively flat with deviations of about 5% or less, except at a frequency 

of 0.46 THz, where a value of -13% is observed. This minimum in differential 

transmission at 0.46 THz is seen to increase for increasing VGS, until at VGS = -3.0 V 

were a value of      = -33% is observed. 
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Figure 2.4 (a) Simulated differential transmission for various 2D carrier concentrations 
  . (b) A comparison of simulated (red) and experimental (black) differential 
transmission. 

We computationally investigated the combined HEMT / metamaterial system. In 

recent years there has been considerable interest in 2DEG formation in HEMTs as a 

potential candidate for far-field THz wave interaction [78-82]. A majority of these 

applications revolve around utilizing the 2DEG instability in the HEMT channel. In our 

device the plasmon resonance resulting from the 2DEG instability does not play a roll. As 

such the parameter of interest for us is the frequency dependent conductivity     . The 

dynamic response of the channel carriers can in many cases be described by the two-

dimensional Drude conductivity [88,89], 

      
  

     
 (2.1) 

which has real and imaginary parts given by: 

               ,                      

 

(2.2) 

where    is the DC conductivity [Siemens / sq] given by the expression           
 . 

Here   is the electron charge,    is the two-dimensional carrier density of the 2DEG,   is 
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the scattering or relaxation time,    is the effective mass of electrons and   the angular 

frequency of the time-varying electric field. It can be observed from Eq. 2.2 that for low 

frequencies, the conductivity is purely real and hence the current is in phase with the 

electric field in the split gap, for frequencies near the scattering time-constant both the 

real and imaginary part is half the DC conductivity and the phase is 45 degrees. For much 

higher frequencies the conductivity asymptotically approaches zero. 

Modification of charge density in a true 2DEG has no implications on the 

capacitance of a metamaterial owing to its infinitesimal thickness. However, the nature of 

our FDTD is inherently three-dimensional. Thus, if we simply change the carrier density 

in simulation this would falsely modify the capacitance of the metamaterial. In order to 

approximate the two-dimensional charge density we restrict the real part of the 

permittivity to be equal to epsilon infinity (12.9    for GaAs) and allow the imaginary 

part to modeled by the Drude model. The resulting complex relative permittivity can be 

expressed analytically as, 

 
           

 
    

     
 

(2.3) 

where    is the collision frequency and    is the plasma frequency. The collision 

frequency   = 2 x 1.4 THz is calculated with the relation         where  the 

mobility of the channel along with both   and    the electron charge and effective mass 

in GaAs. The plasma frequency is   
          

   where    is the two-dimensional 

carrier concentration and   is the simulated model thickness of the channel layer. We 

sweep the carrier concentration in simulation observing a full resonant metamaterial 

response with a completely depleted channel (   = 0 cm-2) and a shorted response as the 
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carrier concentration increased to (   = 4.3 x 1011 cm-2), see Fig. 2.4(a). Comparing this 

simulation with the experimental data shows excellent agreement (see Fig. 2.4(b)). 

2.2.2. High frequency THz modulation  

In section 2.2.1 we demonstrated the ability to switch the THz waveform by adjusting the 

gate bias voltage of the HEMT with respect to the drain and source (VGS). We now turn 

toward demonstration of high speed dynamic modulation and utilize a THz-TDS with a 

Photoconductive Antenna (PCA) emitter and detector. The standard mechanical chopper 

often utilized in a TDS system was replaced with the HEMT / metamaterial modulator 

which serves the same function as the mechanical chopper with the important distinction 

that now only a narrow band of frequencies about the metamaterial resonance is 

modulated. Therefore, the data has to be interpreted differently than the static case. A 

square-wave bias, alternating between -1.1 V and 0 V, was applied to the gate of the 

HEMT with respect to the source and drain. The same square wave signal was applied to 

the reference input of the lock-in amplifier. After collecting the entire time-domain THz 

signal we have a sampled signal which can be expressed as, 

            ⃗        ⃗        (2.4) 

where  ⃗       and  ⃗       are the time-domain electric-field of the transmitted THz signal 

when VGS = 0 V and VGS = -1.1 V respectively, and   is a proportionality constant related 

to the particulars of the THz-TDS setup, such as the gain of pre-amplifier and averaging 

time-constant of the lock-in amplifier. 
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Figure 2.5 (a) Time domain data for modulation at frequencies of 100 kHz, 1 MHz and 
10 MHz. (b) Spectra calculated from the time domain data. 

The time-domain signal          is plotted in Fig. 2.5(a) for three different 

modulation frequencies, 100 kHz, 1 MHz and 10 MHz. In Fig. 2.5(b) we plot the 

spectrum as obtained from Fourier transforming the time-domain data plotted in Fig. 

2.5(a). It can be seen that the peak of the spectrum lies at 0.46 THz indicating modulation 

of the metamaterial resonance. Bandwidth of the spectrum remains relatively unchanged 

between 100 kHz and 1 MHz, and the amplitude of the spectrum increases. At a 

modulation rate of 10 MHz the bandwidth is observed to decrease a bit and the amplitude 

falls of from values observed at 1 MHz. The spectrum amplitude has a non-monotonic 

dependence as a function of frequency that can largely be attributed to the THz-TDS 

setup itself. PCA detection has known limitations in THz-TDS at high frequency 

modulation as documented in past work [87]. Contributions to the degradation of the 

spectrum amplitude from the HEMT / metamaterial device should remain small as there 

is several orders of magnitude separation between the gate-to-source modulated voltage 

and the input noise voltage as reported in HEMT performance studies [90].  In both the 

time-domain signal and the spectrum, the modulation amplitude falls off at higher 
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frequencies and, for this device, the limit is in the neighborhood of 10 MHz. We attribute 

this as being primarily due to the parasitic nature of the long bond wires used in the chip 

assembly and, importantly, not a limitation of either the HEMT or metamaterial device. 

In conclusion, we have demonstrated a HEMT / metamaterial device capable of 

modulation of THz radiation at frequencies up to 10 MHz, and modulation depths of up 

to 33% at 0.46 THz with all electronic control. A commercial GaAs process was utilized 

for implementation of the HEMT technology, as well as for fabrication of the 

metamaterials. We achieved monolithic integration of a total of 2 x 104 active transistors 

at the metamaterial unit cell level. This work demonstrates a new path for construction of 

high speed terahertz electronic devices.  
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CHAPTER 3 

3. Liquid crystal tunable metamaterial absorber  

Liquid crystals are viable candidates for tunable / dynamic metamaterials with much 

unexplored potential. The voltage dependent birefringence exhibited by nematic liquid 

crystals is well known and has been exploited over the past several decades leading to the 

development of devices, most notably optical display technology. However, the 

birefringence in LCs extends well beyond the visible spectrum and has afforded a new 

outlet for electronically tunable metamaterial and photonic structures [91-95]. Here we 

demonstrate that by combination of the variable properties of liquid crystals with 

metamaterials, an electronically tunable metamaterial absorber at terahertz (THz) 

frequencies is thus realizable [44]. 

3.1. Design and fabrication 

Metamaterial absorbers typically consist of two metallic layers spaced apart by virtue of a 

dielectric spacer. The top metal layer is geometrically patterned in order to strongly 

couple to a uniform incident electric field. By pairing the top layer with a metal ground 

plane, a mechanism for coupling to the magnetic component of light is created - see Fig. 

3.1(a). Altering the geometry of the metallic pattern and dielectric thickness enables 

tuning of the effective material response parameters allowing for both impedance 

matching and strong absorption at nearly any desired frequency. A schematic and optical 

microscope image of the device are shown in Figs. 3.1(a) and (b) with a single unit cell 

having the dimensions as labeled. ERRs were fabricated to form a square array with 50 

m lattice spacing. Each unit cell is connected to its neighbors via horizontal metallic 
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wires (4.5 m width) and the entire array is connected to bias pads lying at the perimeter 

of the device. A 200 nm Au/Ti continuous metal ground plane was E-beam deposited on 

top of a supporting silicon (Si) substrate. A 5.5 m thick liquid polyimide (PI-5878G, HD 

MicrosystemsTM) dielectric layer was spin coated on top. Ultraviolet (UV) 

photolithography is used to pattern photoresist which was used for final deposition of 200 

nm Au/Ti to create the ERR layer. We also use the ERR structures to serve as a hard 

mask for inductively coupled plasma and reactive ion etching in order to remove all 

polyimide not directly underneath the metamaterial layer. 

 

Figure 3.1 Design and operational principle of the tunable metamaterial absorber. (a)  
Rendering of a single unit cell of the liquid crystal metamaterial absorber. (b) Optical 
microscope image of a portion of the metamaterial array where the unit cell has the 
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dimensions of a = 50, c = 20, d = 16, w = w2 = 4.5, and w3 = 5 in micrometers. (c) 
Depiction of the random alignment of liquid crystal in the unbiased case (right) and for 
an applied AC bias (left). (d) Simulation of the electric field vector and absolute value 
produced from an applied potential bias between the ERR and ground plane. 

The liquid crystal 4'-n-pentyl-4-cyanobiphenyl (5CB) is deposited on top of the 

metamaterial array and completely fills in and encapsulates the polyimide / metal 

structure. 5CB possesses a nematic LC phase at room temperature with large 

birefringence (        ) at THz frequencies ranging between 0.11 to 0.21 [84,96-

98], where the refractive index can be switched between its ordinary    and extraordinary 

   value in the presence of an electric field. A schematic shown in Fig. 3.1(a,c) illustrates 

the mechanism by which the LC is tuned. A potential is applied between the ERR and 

ground plane which orients the LC along field lines (see Fig. 3.1(d)). The polyimide is 

required for structural support however it plays a significantly more important role in our 

design. Most liquid crystals have large interactions with boundaries which inhibits any 

possible response to an applied electric field thus causing threshold phenomena -- an 

effect called the Freedericksz transition [99]. Notably, our configuration permits LC near 

the surface of the polyimide to be orientated with electric field lines. This also facilitates 

a smooth tuning of the refractive index as a function of applied electric field. 

3.2. Results and discussion 

The frequency dependent reflectance [    ] was characterized at an incident angle of 20 

degrees from 2.0 to 3.5 THz using a Fourier-transform infrared spectrometer, liquid 

helium-cooled Si bolometer detector, and a germanium coated 6 m mylar beamsplitter. 

The measured reflectance spectra are normalized with respect to a gold mirror and we 

calculate the frequency dependent absorption as             since the transmitted 

intensity was zero due to the metal ground plane. The resulting      was characterized 
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and measurements were performed with the THz electric field perpendicular to the metal 

connecting wires, as depicted in Fig. 3.1(d). 

The LC molecules are aligned by applying a square-wave potential between the 

ERR metal layer and the ground plane at various modulation frequencies (    ). The 

square-wave is centered about zero and has peak-to-peak voltage equal to twice the peak 

bias voltage (     )). Use of a modulated bias prevents free carrier build-up at the 

electrode metal interface which can occur for DC applied potentials [100,101]. 

The absorption was characterized for a number of different bias values and 

modulation frequencies. In Fig. 3.2(a) we show the frequency location of the absorption 

maximum (    ) as a function of       for modulation frequencies of 373 Hz, 1 kHz, 10 

kHz, and 100 kHz. The general trend is that as we increase the applied voltage the 

metamaterial absorption shifts to lower frequencies. For      = 373 Hz and 1 kHz the 

change is monotonic for increasing potential, but we find deviations from this for 10 kHz 

and 100 kHz. As can be observed in Fig. 3.2(a) the greatest frequency shift occurs for 

     = 1 kHz - in accord with prior investigations with 5CB [84,91,98]. In Fig. 3.2(b) we 

plot the frequency dependent absorption      for 0 V (blue solid curve) and 4 V (red 

dashed curve) at      = 1 kHz. With no applied bias we achieve a reasonable absorption 

of 85% at 2.62 THz, a full width half max (FWHM) of 600 GHz and the spectrum is 

otherwise featureless. At       = 4 V the resonant absorptive feature shifts to 2.5 THz, 

lowers to a peak value of 80% and narrows slightly with a FWHM of 420 GHz. This 

represents a shift in the peak of the absorption by 4.6% in frequency. 
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Figure 3.2 Experimentally measured absorption of the metamaterial absorber. (a) 
Frequency location of the absorption maximum (    ) as a function of applied bias 
voltage (     ) for modulation frequency (    ) values of 373 Hz, 1 kHz, 10 kHz, and 
100 kHz. (b) Frequency dependent absorption      for 0 V (blue solid curve) and 4 V 
(red dashed curve) at     = 1kHz, dashed line is centered at               = 2.62 
THz. (c) The absorption value at 2.62 THz as a function of       for various modulation 
frequencies. 

In many applications one may desire amplitude modulation only over a narrow 

band. As an example we consider operating at a fixed frequency of    = 2.62 THz, i.e. 

the peak absorption of the unbiased case plotted in Fig. 3.2(b). In Fig. 3.2(c) we plot 
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      as a function of       for various modulation frequencies. Generally we observe 

that the absorption level drops as a function of increasing voltage bias for all modulation 

frequencies investigated, which seems to saturate near 3-4 volts of applied bias. The 

greatest change in       occurs for 1 kHz bias modulation, as shown by the red curve in 

Fig. 3.2(c) -- in accord with the results presented in Fig. 3.2(a). The LC 5CB thus 

provides an all-electronic means of both frequency and amplitude tuning of the 

absorption peak of metamaterial absorbers and here we realize an amplitude tuning of 

over 30% at   = 2.62 THz. 

In order to clarify the mechanism underlying operation of the tunable absorber, 

we perform full wave 3D electromagnetic simulations. The Au/Ti metal layers were 

modeled as a lossy metal with a frequency independent conductivity of   = 4.56 x 107 

S/m, and the polyimide layer with a relative permittivity of   ̃                

      [52]. In accord with prior work [84,96-98], we model the complex refractive index 

of 5CB, (with zero applied bias), as a lossy dielectric with  ̃               

          . As mentioned in the main text, the LC encapsulates the metamaterial array 

and thus we model a 2 m thick layer on top of the ERR. We assume that any LC not 

lying in-between the ERR and ground plane is unaltered by the applied bias (see 3.1(d)). 

The THz birefringent properties of 5CB have been characterized as an increase in the real 

part of the refractive index (    ), (for increasing applied bias), between the ordinary and 

extraordinary states [84,97]. However, it has been demonstrated that there is little 

difference in the imaginary component (    ) above 1.2 THz [96]. In simulation, we thus 

modify only      as a function of       and keep the imaginary refractive index constant 

at a value of          . 
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Figure 3.3 Numerical simulations of the metamaterial absorber. (a) THz absorption 
simulated for 0 V (blue solid curve) and 4 V (red dashed curve) at      = 1kHz. (b) 
Simulated current density in the ERR for the case of the unbiased absorption maximum 
              = 2.62 THz. 

Results from the computational investigation are presented in Fig. 3.3. Starting 

initially from the unbiased state where                   , we monotonically 

increase      resulting in a redshift of the absorption peak frequency (see Fig. 3.3(a)). At 

4 V the peak absorption occurs at 2.51 THz and in the numerical model we determine 

                  . As can be observed we find good agreement with experimental 

results (see Fig. 3.2), although simulation indicates that the value of the peak absorption 

at 4 V applied bias is not significantly altered from the unbiased state. Notably we find 

that the change in refractive index determined by simulation is         -- consistent 

with values determined by other works [84,96-98]. At a frequency of 2.62 THz, 

simulation predicts a change in   of 15% between zero and 4 V of applied bias, as shown 

in Fig. 3.3(a). In contrast experimental results yield a 30 percent change in absorption at 

the same frequency. 
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It is instructive to examine the particular mode exhibited by our device at the 

maximum of the absorption, i.e. 2.62 THz. This can be explored by observation of the the 

surface current density and magnitude of the THz electric field (plotted in a plane 

centered between the two metallizations), as shown in Figs. 3.3(b) and 3.4(a). We find 

that the surface current density is similar to that found in prior investigations [23] and, as 

expected, the THz electric field is primarily localized underneath the ERR - in the same 

vicinity as the electric field provided by the bias shown in Figure 1c. In contrast, the 

power loss density shown in Fig. 3.4(b), reaches its strongest values just outside the ERR 

at the polyimide / LC interface. (The magnitude of the electric field is also plotted as a 

vector field in Fig. 3.4(c), and the power loss density in Fig. 3.4(d); both in cross section.) 

The form of the metamaterial absorptive feature strongly depends on the value of the 

complex dielectric constant that the local terahertz electric field experiences. In particular 

the resonant frequency is set by the real part of the dielectric function, whereas the width 

of the absorption is determined by dielectric loss [38,42]. Thus future designs can achieve 

greater frequency tuning of the absorption peak by altering the geometry such that the LC 

lies directly underneath the ERR, where the applied bias is greatest, as shown in Fig. 

3.1(d). An alternative approach would be utilization of LC polymers [102], which could 

then act both as a supporting structure, and bias tunable dielectric. 
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Figure 3.4 Resonant terahertz fields of the metamaterial absorber. (a) Simulated electric 
field magnitude and (b) power loss density (P) shown at a plane centered between the 
two metallizations. (c,d) Terahertz electric field vector plot (c) and power loss density (d) 
shown for a cross sectional cut (gray dashed line in (a,b)). 

We note that in order to frequency tune a metamaterial in which both the electric 

and magnetic properties have been designed, it is desirable to adjust them identically to 

preserve the electromagnetic response. Some dynamic magneto-dielectric metamaterials 

may require sophisticated tuning mechanisms in order to maintain their properties [103]. 

In contrast, a salient feature of this particular absorber design, is the ability to 

simultaneously adjust      and      by simply altering the dielectric properties of the 

dielectric spacing layer, as demonstrated here with liquid crystal. This can be verified by 

plotting the extracted [38] material parameters. The extracted material parameters 

(assuming a thickness of 7.7 m equal to its physical dimensions) for the metamaterial 

absorber is obtained from simulations utilizing a frequency dependent Drude model 
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(plasma frequency    = 2 x 2175 THz and collision frequency    = 2 x 6.5 THz). As 

revealed in Fig. 3.5, both the permittivity and permeability shift with little change in their 

shape for all applied biases investigated. 

 

Figure 3.5 Effective optical constants of metamaterial absorber. (a) Real part of effective 
permeability (      ), and (b) real part of effective permittivity (      ), determined from 
inversion of the simulated scattering parameters for 0 V (blue solid curves) and 4 V (red 
dashed curves). 

The demonstration of the dynamic control of electromagnetic waves at surfaces 

presented here provides a new path forward construction of exotic devices. The formation 

of pixelated arrays of metamaterial LCs would provide a means for SLM (including 

phase and amplitude), and focal plane array imagers. As both metamaterials and liquid 
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crystals have been shown to operate across much of the electromagnetic spectrum this 

would enable an innovative substitute for digital micro-mirror devices (DMDs), which 

are spectrally featureless and have set frequency limits. The fabrication of focal plane 

arrays consisting of the designs demonstrated here could serve as an excellent candidate 

for detector pixels when implemented into bolometric, rectification, pyroelectric and 

piezoelectric configurations. 

In conclusion, we have demonstrated all-electronic control of liquid crystal 

metamaterial absorbers. We achieve a 30 percent amplitude tuning of the absorption and 

realize a frequency tunability greater than 4 percent. The scalability of both liquid crystal 

properties and metamaterial absorbers suggests our design can be extended to both higher 

and lower frequencies. The prospect of electronically controlled metamaterial absorbers 

have implications in numerous scientific and technological areas rich in applications, 

particularly in sensing, imaging, energy harvesting and dynamic scene projectors.  
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CHAPTER 4 

4. Metamaterial absorber terahertz spatial light modulator 

Here we demonstrate, for the first time, a doped semiconducting metamaterial 

SLM with multi-color super-pixels composed of arrays of electronically controlled THz 

metamaterial absorbers [45]. In Fig. 4.1(a) we show a photograph of an 8x8 pixel 

implementation of the THz MMA-SLM. The pixels are tiled in a similar fashion to 

conventional RGB color schemes (Bayer filters) and we modulate each at a unique 

frequency in the THz range. The overall SLM system architecture is shown schematically 

in Fig. 1b and consists of metamaterial absorber pixels flip chip bonded to a Silicon chip 

carrier with routing to bond pads which are wire-bonded to a leadless chip carrier (LCC).  

Individual pixels are biased through a commercial 64 channel output controller and each 

THz color pixel consists of approximately 400 individual metamaterial absorber unit 

cells. 

4.1. Design and fabrication 

Our metamaterial absorber consists of two metallic layers with a dielectric spacer lying 

in-between. The top metal layer is patterned in order to strongly couple to the electric 

component of an incident electromagnetic wave. A bottom ground plane layer is spaced 

relatively close to the top layer, thus allowing the external magnetic field to couple – as 

shown in Fig. 1b. Altering the geometry of the metallic pattern and dielectric thickness 

allows tuning of the impedance and loss, thus enabling resonant absorption at nearly any 

frequency. In our implementation we utilize a 2 m (< /35) thick n-doped (2.0 x 1016 

cm-3) epitaxial layer of GaAs as the dielectric spacer. A junction is formed from the ELCs 
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and serves as the Schottky contact with the bottom ground plane used as the ohmic 

contact. This configuration enables depletion of carriers in the epi-layer underneath the 

ELCs as a function of applied reverse bias and results in tuning of the absorption peak 

and modulation of the electromagnetic spectrum. 

 

Figure 4.1 Design and structure detail of the electronically controlled THz metamaterial 
absorber based spatial light modulator (MMA-SLM). (a), Image of MMA-SLM as 
assembled in chip carrier package. (b), Cross-sectional schematic view of a single pixel.   
(c,d), Optical microscope images for each color pixel with dimensions as listed in Table 
4.1. 

Optical microscope images of the THz MMA-SLM are shown in Figs. 4.1(c,d) 

and the dimensions of each color pixel is listed in Table 4.1. Each pixel has a separate 

ground plane which provides electric isolation to enable independent modulation, and 
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necessitates fabrication of mesas extending through the epi-layer to define a single pixel. 

The metamaterial unit cells are connected to their neighbors via horizontal metallic wires. 

The arrays have a pitch, p, of 600 m and the isolated ohmic contact ground planes are 

centered about each pixel with a side length of 570 m. The mesas lie in-between the 

ground planes and have a width of 10 m. 

Table 4.1 Dimensions for each frequency (THz) color pixel as relating to Fig. 4.1(c,d). 
The line width w is 3 m and the pixel pitch p is 600 m are held constant for each pixel 
design. 

dimension 
[microns] 

2.72 THz 3.27 THz 3.81 THz 4.34 THz 

a 25 27 28 30 
l 19.2 15.2 12.5 10.6  

f 500 486 476 480  

  
Fabrication of the THz 8 x 8 array is similar to the fabrication of an infrared FPA 

with an additional step to define the metamaterial pattern on the backside[104].  These THz 

pixels are hybridized to a control chip to dynamically bias each pixel in the array.  

Fabrication begins by defining the metamaterial pixels on a GaAs substrate as shown in 

Fig. 4.2.   The GaAs substrate consists of a 2 micron layer of doped GaAs with a highly 

selective etch stop layer below.  A typical etch stop layer consists of 50nm of AlGaAs.  

The mesa is etched down to the etch stop layer to ensure electrical isolation between 

pixels.  Next, ohmic contact metal consisting of Ge(280 Å)/Au(540 Å)/Ni(200 

Å)/Au(3,000 Å) is deposited onto each pixel and a rapid thermal anneal (RTA) at 370 

degrees Celsius is performed.  The ohmic contact metal is a large square with side length 

of 570 m.  A 200nm thick layer of silicon dioxide is deposited with a window to the 

ohmic contact metal.  An under bump metal (UBM) layer of Ti(300 Å)/Ni(1,500 
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Å)/Au(500 Å) is deposited to cap the silicon dioxide holes.  The UBM layer is used to 

prevent indium (used for chip hybridization) from diffusing into the ohmic contact metal 

and degrading its electromagnetic properties.  

  

Figure 4.2 Schematic representation of the fabrication procedure of the epitaxial n-doped 
GaAs layer pixel definition.  

 A control chip was fabricated, as illustrated in Fig. 4.3, in parallel to the 

fabrication of the GaAs pixel array.   The fabrication of the control chip started with a 

silicon wafer with a 1 micron thick layer of silicon dioxide.  The metal control lines are 

defined onto the silicon wafer with Ti(500 Å)/Au(3000 Å) metal, which will be used to 

make electrical contact to the metamaterial pixels and a wire bond pad on the silicon 

wafer.  A 200nm layer of silicon dioxide is deposited with windows to the bond pads and 

in areas that will make contact to the metamaterial pixels.  A UBM metal consisting of 

Ti(300 Å)/Ni(1,500 Å)/Au(500 Å) is deposited to cap the windows made in the silicon 

dioxide.  The Ti layer serves as an adhesion layer, the Ni as an indium diffusion barrier, 
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and the Au as an indium sticking layer.  A large indium pad is deposited onto the UBM 

metal and reflowed to form a sphere that will be used to make electrical contact to the 

pixel array. 

 

Figure 4.3 Schematic representation of the fabrication procedure of the control chip. 

As depicted in Fig. 4.4, once the two chips have been fabricated, they are bonded 

together with a flip-chip bonder (FC150: SUSS MicroTec) at 160 °C.  To provide 

mechanical support to the pixel array and the control chip, an underfill epoxy was 

injected between the two chips with the aid of the capillary force to feed the epoxy.  The 

substrate is then selectively removed up to the etch stop layer.  The etch stop layer is also 

selectively removed and the backside is patterned with Ti(150 Å)/Au(1350 Å) to form a 

Schottky metal .  
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Figure 4.4 Schematic representation of the fabrication procedure for final device 
assembly. 

 We characterized the electrical performance of the MMA-SLM by running 

voltage dependent current (IV) profiles for all 62 functioning pixels. The resulting mean 

and standard deviation are shown in Fig. 4.5(a) and is comparable to previous 

investigations. The breakdown voltage occurs just beyond the maximum bias swept with 

the knee of the IV curve occurring close to Vbias = -23 V. The entire device is 

simultaneously biased with the resulting IV profile over the full bias range, including 

forward bias, as shown in Fig. 4.5(b).  

 

Figure 4.5 Voltage dependent current (IV) profile. (a), Average IV curve measured with 
the standard deviation plotted as the error bars for the 62 functioning pixels. The inset 
plot shows a single pixel’s IV curve including forward bias. (b), The measured IV for the 
entire device. 
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4.2. Results and discussion 

In Fig. 4.6(a-d) we show the measured frequency dependent reflectance      for zero 

applied bias and for a reverse bias of Vbias = -26.5 V. The reflectance was characterized at 

an incident angle of 20 degrees from 2 to 10 THz using a Hyperion-2000 infrared 

microscope connected to a Fourier-transform infrared spectrometer, Hg-arc lamp source, 

liquid helium-cooled Si bolometer detector, and a germanium coated 6 m mylar 

beamsplitter. The measured reflectance spectra are normalized with respect to a gold 

mirror with square metal apertures set to 450 m on each side. Measurements were 

performed with the THz electric field perpendicular to the metal connecting wires, as 

depicted in Fig. 1d. The DC potential between the Schottky metal layer and the Ohmic 

ground plane is a reverse bias voltage (Vbias) as shown in Fig. 4.1(b). 

When a metamaterial pixel is unbiased, the GaAs epi-layer has a maximum 

carrier concentration (     ). As Vbias is increased, depletion of       results in a 

monotonic redshift of the reflectance minimum until saturation, as shown for each color 

pixel in Fig. 4.6(e). A maximum Vbias = -26.5 V results in sufficient depletion of       to 

shift the frequency of the reflectance minimum by nearly 5%; in the case of the lowest 

color frequency pixel. As the reflectance redshifts the minimum value decreases between 

the two bias conditions, with the largest decrease occurring at lower frequencies where 

minimum value decreases by 12%.   

In many applications, amplitude modulation over a narrow band is desired. As an 

example we consider operating at a fixed frequency    i.e. the reflectance minimum of 

the unbiased case. In Fig. 4.6(f) we plot       as a function of Vbias each color pixel. We 

observe that the reflectance level increases as a function of increasing Vbias which appears 



 

50 
 

to saturate upon approaching the breakdown threshold. The doped semiconductor layer 

thus provides an all-electronic means of both frequency and amplitude tuning of the 

metamaterial reflectance and here we realize amplitude tuning of over 30% at 2.52 THz. 

 
Figure 4.6 Experimentally measured and computationally simulated frequency 
dependent reflectance of the metamaterial absorber shown for each color sub-pixel. (a-d), 
The experimental curves are shown for applied bias voltage Vbias equal to both 0 V (blue) 
and -26.5 V (gold), with the simulated curves shown for carrier concentration of the n-
doped GaAs epitaxial layer       equal to 2.0 x 1016 cm-3 (blue dashed) and 1.0 x 1014  
cm-3 (gold dashed). The colored vertical dashed lines indicate frequency of the unbiased 
reflectance minimum,       (Vbias = 0) =    , for their respective sub-pixels. (e), 
Frequency location of      as a function of Vbias for each color sub-pixel, color shading 
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on inset image indicates location within the super-pixel. (f), The reflectance values 
      for    as indicated by the vertically dashed color lines in Fig. 4.6 (a-d), shown as 
a function of Vbias for each color sub-pixel. 

 
In order to clarify the mechanism underlying operation of the tunable absorber, 

we perform full wave 3D electromagnetic simulations. Recent computational studies 

have looked at the relation between the semiconductor physics and electromagnetic 

response of metamaterials[105]. We model each color pixel using commercial FDTD 

solver, CST's Microwave Studio. We define both the ELC and ground plane metal layers 

as a lossy metal with DC conductivity value    = 4.5 x 107 S/m. For the n-doped GaAs 

epi-layer, whose frequency dependent permittivity    ̃       is modeled by Drude theory 

shown in Eq. 4.1[106,107],   we define three separate volume regions: the unbiased 

depletion, the maximum bias depletion, and the non-depleted region as depicted in Fig. 

4.7(c,d).  

 The dielectric permittivity of GaAs has been shown to be well described within 

the framework of the Drude model for the conductivity at THz frequencies. The model 

can be written as the following: 

 
  ̃          

  
 

        
 

(4.1) 

Where           is the dielectric constant of undoped GaAs and   = 8.85 x 10-12 F/m 

is the vacuum permittivity,    is the plasma frequency, and     is the collision frequency. 

   is dependent of the free carrier concentration      : 

 
  

  
       

 

    
 

(4.2) 
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Where q = 1.6x10-19 C is the elementary charge, and           is the effective mass 

of n-doped GaAs and   = 9.11x10-31 kg is the ordinary mass of an electron.    is 

dependent on the carrier mobility  : 

    
 

   
 (4.3) 

Studies show that   is strongly dependent on the doping level       with   values 

up to 6500 cm2/Vs reported at       = 2x1016 cm-3 [107], though values closer to 4000 

cm2/Vs have also been measured[106]  , and is closer to what is commercially available. In 

the computational model we use   as a fit parameter and determine a value of 3800 

cm2/Vs which is fixed for the model of all four unit cell types. 

The depletion width    in an n-GaAs based Schottky diode can be calculated from[108,109]: 

 
   √

          

      
 

(4.4) 

Where      , the built-in voltage     = 0.9 V at the Schottky junction interface 

between the Au (ELC) and n-GaAs,       = 2x1016 cm-3, and   is the applied voltage 

(taking positive values upon reverse bias). The unbiased depletion resulting from the     

is determined to have a depletion width of 250 nm. We model the depletion layer, which 

we restrict to being directly underneath the metal. Breakdown and depletion width studies 

of n-doped GaAs have shown relatively close match to theory and have shown    beyond 

a micron can be achieved[110,111]. In our model we represent the depletion at maximum 

reverse bias Vbias = -26.5 V by sweeping       underneath the 250 nm unbiased 

depletion width and keeping   ̃       constant in the volume of the epi-layer beyond the 

ELC metal boundary.   



 

53 
 

 

Figure 4.7 Numerical simulation results of the metamaterial absorber. (a), Frequency 
location of the reflectance minimum (    ) as a function of carrier concentration       
in the n-GaAs epitaxial layer which lies underneath the ELC Au metal and 250 nm 
threshold depletion layer. (b), Simulated current density in the ELC and the electric field 
magnitude plotted in plane for the case of the unbiased reflectance minimum      (Vbias 
= 0) = 2.72 THz as indicated by the red dashed line in Fig. 4.6(a). (c,d), Power loss 
density shown for a cross sectional cut (dashed black line in b), for Vbias equal to 0 V (c) 
and -26.5 V (d). 

Results from our computational model are plotted as the dashed curves in Fig. 

4.6(a-d) and show excellent agreement with experiment. Notably, as       is changed 

from 2 x 1016 cm-3 to 1 x 1014 cm-3 the tunability in the reflectance saturates as shown in 

Fig. 4.7(a), in agreement with experiment. The mechanism of tunability of the 

metamaterial absorber can be explored by observation of the surface current density and 

magnitude of the THz electric field (plotted directly underneath the ELC) as shown in 

Fig. 4.7(b). We find that the surface current density is similar to that found in prior 

investigations[23] and, as expected, the THz electric field is primarily localized underneath 
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the ELC focused just beyond the gap edge. Unlike the electric field distribution which is 

relatively unchanged, the power loss density distribution, shown in Fig. 4.7(c,d) for both 

the unbiased and maximum bias cases, is strongly dependent on carrier density spatially 

located through the epi layer with the loss removed from the depleted volume. The form 

of the metamaterial absorptive feature strongly depends on the value of the complex 

dielectric constant that the local terahertz electric field experiences. In particular the 

resonant frequency is set by the real part of the dielectric function, whereas the width of 

the absorption is determined by dielectric loss. Thus future designs can achieve greater 

modulation of the absorption peak by either removing the region of the epi layer that is 

not depleted or operate at lower frequencies where simulations indicate modulation depth 

can be improved due to increased damping of the resonance.  

Alternatively, tuning of the MMA resonance frequency can be further exploited to 

enhance the modulation of the reflected THz electromagnetic phase for potential avenues 

of developing phase SLMs. In Fig. 4.8 the relationship between the modulated amplitude 

and phase of the reflectance for each color sub-pixel is shown as determined from the 

model fits calculated in Figs. 4.6(a-d).  Interestingly, at the intersection point of the 

reflectance curves (dashed lines) lies the maximum phase shift, spanning from 32° to 64° 

across the different color sub-pixels. These points relate to cases of constant insertion loss 

with a respective increase from -3.5 dB to -7.7 dB due to both a drop in the frequency 

redshift of the reflectance minimum as well as a decrease in the reflectance minimum 

value. In theory, dynamic MMAs can be exploited further due to the slope of the 

reflectance about the minimum, as the phase is proportional to the derivative of the 
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amplitude with respect to the frequency[66], thus one can achieve minimal insertion losses 

with an extremely high degree of modulation in the phase. 

 

Figure 4.8 Simulation results for reflected amplitude and phase modulation shown for 
each color sub-pixel. (a), The amplitude modulation              -         calculated 
from the reflectance curves shown in Figs. 4.5(a-d), a dashed line at the zero crossing 
coincides with the maximum change in phase. (b), Corresponding phase modulation. 

The pixels perform collectively as a SLM and we individually characterize the 

tunable reflectance for each pixel. In Fig. 4.9(a) a spatial map of the maximum absolute 

change in reflectance                               is shown. Our THz MMA-

SLM demonstrates tunable reflectance that spans from 25% to over 50% change in total 

reflectance, corresponding to a maximum modulation depth (       ) of 69%. Our 

fabricated device had two dead pixels, displayed as black in Fig. 4.8(a), which is 

therefore unmodulated. 
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Figure 4.9 Spatial light modulator performance. (a), Magnitude of the maximum change 
in reflectance |     | = |            -        | shown for each pixel. (b), The 
corresponding frequency for each pixels respective |        |. (c), The measured RC 
time constant by loading with an external series resistor Rs, where the solid curves 
represent the fits used to calculate the device roll-off. 

The frequency at which the minimum in reflectance occurs is displayed as a false 

color plot in Fig. 4.9(b). The 2 x 2 multi-color subarray, outlined in white, is replicated 

across the entire 8 x 8 spatial array with each color appearing distinct from one another. 

The operational frequency of each of the four color pixels was chosen to minimize 

spectral overlap, which allows for both spatial and spectral information to be gathered in 

parallel by creating an effective 4 x 4 spatially modulated array with four uniquely 

controlled frequencies.  

 In order to quantify advantages our semiconductor based MMA-SLM has over 

current state-of-the-art devices, we characterized the modulation speed and the results are 

shown in Fig. 4.9(c). We input a square wave voltage between 0 and -10 V,  and sweep 

the modulation frequency allowing us to measure the device RC time constant as has 

been done in previous studies[62], where by loading external series resistors Rs, the device 

capacitance can be extracted. The forward resistance R of the Schottky diode is measured 

to be 4.7 . The depletion capacitance C is extracted by using three different external 

series resistors of 10.0, 57.5 and 130.5 k, providing measured roll-off of 10.0, 1.70 and 

0.78 kHz respectively. The solid curves in Fig. 4.9(c) represent the fits to the 
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experimental data using the RC time constants as the fitting parameter. The resulting 3 

dB roll-off frequency fc of 12 MHz was determined from these fits. The improved 

modulation speed, compared to previous metamaterial designs[62], is a result of having the 

ohmic ground plane directly underneath the Schottky layer which minimizes the device 

capacitance. Another added benefit of our ohmic ground plane configuration is that THz 

radiation is shielded from the carrier wire routing thus allowing for higher filling factors 

which further accommodates larger array sizes.  

In conclusion, we have demonstrated, for the first time, an all-electronic multi-

color spatial light modulator with super-pixels composed of arrays of terahertz 

metamaterial absorbers. Our device is capable of modulation of THz radiation at 

frequencies up to 12 MHz and a maximum modulation depth of 69%. By utilizing a flip-

chip bonded n-doped gallium arsenide epitaxial layer in the metamaterial absorber, we 

are able to achieve high pixel density and minimal device capacitance thus allowing for 

high speed modulation. Our design is scalable and may accommodate large active areas 

for much larger pixel count as required for high resolution applications.  This work 

demonstrates a new path for construction of high speed terahertz electronic devices and 

has implications in numerous scientific and technological areas rich in applications, 

particularly in sensing, imaging, and dynamic scene projectors. 
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CHAPTER 5 

5. Terahertz single pixel imaging with an optically controlled dynamic spatial light 

modulator 

Although there exists great technical difficulty in feasibly performing THz imaging, there 

has been moderate progress over the past 25 years. Multi-element detector schemes, both 

microbolometer arrays [112,113] and electro-optic sampling with high-performance CCD 

cameras [114], provide accurate and real-time THz images. However, these imaging 

systems often require high powered sources and/or expensive complex detectors that lack 

the sensitivity of single element detectors. The use of a single detector has been 

employed to obtain THz images by mechanically raster scanning the object plane to 

acquire spatial information [115]. While the latter technique has the benefit of high 

spatial resolution and accurate imaging, major shortcomings are the long acquisition time 

[116] and the mechanical nature of the scanning system. 

An alternative single pixel solution - relying on spatial multiplexing - could help 

overcome many of the disadvantages involved with more conventional imaging 

techniques. The imaging of complex scenes is enabled with sparse detector arrays or even 

single pixels using spatial light modulators (SLMs) to multiplex the image. Mechanical 

masks that are either manually exchanged or placed onto spinning discs have 

demonstrated proof of principle THz imaging using, for example, compressive sensing 

and adaptive coded aperture imaging [117-119]. Although SLMs, such as digital micro-

mirror (DMD) [120] and liquid crystal (LC) [121] systems are commercially available, 

they do not operate at THz frequencies. Attempts to develop THz SLMs have thus far 
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been ineffective in producing efficient and high speed devices, though there are several 

attractive alternatives to using mechanical masks. 

Semiconductor and metamaterial / semiconductor hybrid devices can be 

controlled by a variety of different methods to achieve THz amplitude and frequency 

modulation as were outlined in the introduction to dynamic metamaterials in Chapter 1. 

Another avenue besides metamaterials to achieve a THz SLM has been inspired by the 

work initially developed at millimeter wavelengths where optically excited electron 

plasmas in photo-active semiconductors serve as a spatial mask in creating Fresnel lenses 

and reflect-arrays for beam-steering and communication based applications [122,123]. 

Early studies indicate that THz spatial modulation is also possible with sufficient optical 

power [124-126]. Both electronic and optically controlled SLMs pose as a fast and 

efficient means to dynamically control electromagnetic radiation thus allowing for 

realistic methods to perform THz imaging. 

In this work we demonstrate single pixel multiplex THz imaging based on an 

optically controlled reconfigurable THz mask in high-resistivity Silicon (-Si) [45]. By 

utilizing a DMD to optically encode spatial patterns we are able to achieve up to 1023-

pixel, high fidelity THz images with frame rates as fast as one image per two seconds - 

only limited by available software. The achieved signal-to-noise ratio (SNR) suggests the 

possibility that our technology may provide quasi real-time THz imaging with frame rates 

as fast as 3 frames per second (fps). 
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Figure 5.1 Schematic depicting multiplex imaging process where the spatial modulation 
of a formed image allows for the reconstruction using a single pixel detector. 

5.1. Theory 

5.1.1. Imaging Theory 

Typical single pixel camera architectures involve four key components: a light source, 

imaging optics, a single element detector, and a SLM. Light from an illuminated object is 

focused using imaging optics onto a SLM which, for binary encoding, selectively passes 

portions of the image to the detector and blocks others. A sequence of known patterns is 

displayed on the SLM and a single value is acquired for each mask frame. Prior 

knowledge of these masks allows for the reconstruction of the image as schematically 

illustrated in Fig. 5.1. For example, mechanical raster scanning can be emulated by 

displaying a single pixel at a time on the SLM. 

For imaging systems using intensity based detectors that are not sensitive to the 

phase of electromagnetic radiation, binary masks that modulate the intensity are well 

suited. There are several different types of binary coded apertures that can be used to 

multiplex an image - though the field is dominated by random and Hadamard based 

masks. Random binary masks are comprised of 1's and 0's determined by standard 
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probability distributions such as Gaussian or Bernoulli, among others. Hadamard 

matrices are square matrices composed of +1's and -1's in which each row is orthogonal 

to all other rows [127]. To create binary masks we can use an S-matrix, created by 

omitting the first row and column of the corresponding normalized Hadamard matrix, 

substituting all 1's with 0's, and all -1's with 1's. Each row of this matrix can then be used 

as a 1, 0 mask for successive measurements in a single pixel imaging system.  

We define a one- or two- dimensional image by a vector   with   -elements (this 

can be done by concatenating the rows into a single column). We represent a single 

measurement    in a multiplexing scheme by the following expression: 

 
   ∑     

 

   

 
(5.1) 

or the matrix equation      . In this equation, is a column vector with   -elements 

representing the   measurements taken and   is the     measurement matrix, in 

which each row represents a mask displayed on the SLM. For example,   that 

corresponds to a raster scan imaging technique is the     identity matrix. For a well 

conditioned measurement matrix [128] and the fully determined case, i.e.    , the 

reconstruction becomes linear and can be solved by a simple matrix equation:   

      [127]. One advantage of using S-matrices as the measurement matrix such that 

     is the particularly simple decoding process given by:   
   

 

   
    

    ) 

where    is the S-matrix of order  ,   
  is its transpose, and    is an     matrix of all 

1's [127]. 
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5.1.2. Dynamic THz spatial light modulators 

The photoexcitation of free carriers in semiconductors is a well understood process for 

both CW and ultrafast optical beams [129]. For -Si substrates a higher carrier density 

can be generated by CW pump beams, compared to pulsed sources, due to the relatively 

long carrier lifetimes in Si [130]. The change in the complex dielectric constant can be 

described by the Drude model [130-133] 

 
        

  
 

       
  (5.2) 

where    = 11.7 is the frequency independent dielectric permittivity due to the 

contribution of bound electrons,        is the damping rate (with    = 160 fs the 

average collision time [130,133],    is the plasma frequency defined as   
  

    
     

  with   the electron charge,    the free-space permittivity, and           

the effective mass [133]. If we neglect the carrier diffusion and consider only free carrier 

generation and linear recombination in the semiconductor, the carrier density     is 

proportional to the optical power of the pump beam and is modulated through 

photodoping [132] 

 
    

        

     
 

(5.3) 

where    is average power,   is the reflectance of Si at the pump wavelength,    is the 

photon energy,   = 25 s is the carrier lifetime [134],   is the area of the laser excitation, 

and   is the penetration depth. At THz frequencies the photodoped charges correspond to 

a large increase in the absorption coefficient as a function of   , allowing for strong 

attenuation of incident THz electromagnetic waves. 
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Figure 5.2 (a) Solid curves show the transmission of THz radiation through -Si wafer as 
a function of frequency for several different optical fluence values. Measurements were 
done in atmosphere in FTIR system. The dashed curves show the simulated fits for 
increasing carrier concentration     within the penetration depth (85 m) of -Si. (b) 
Dependence of the differential transmission on the optical fluence as defined in the text. 

We measured the THz transmission, shown as the solid curves in Fig. 5.2, through 

a 520 m thick -Si substrate (( > 10,000 ohm-cm) for increasing optical power using a 

980 nm CW laser diode. We characterize the THz transmission using a Fourier 

Transform Infrared (FTIR) spectrometer, a mercury (Hg) arc lamp source, multi-layer 

mylar beamsplitter, and liquid-helium cooled silicon bolometer. Etalons due to multiple 

reflections within the -Si substrate were removed and the modified interferogram was 

Fourier transformed to obtain the sample spectrum. A similar procedure was performed 

for a reference with an open channel; division of the sample and reference spectra 

resulted in the frequency dependent absolute value transmission      and corresponding 

differential transmission[             ]         shown in Fig. 5.2. We observe 

broadband attenuation of the THz signal where, at our maximum fluence of   = 1 W/cm2, 

we measure a modulation depth of 43% at 0.7 THz. The undoped (       , black curve) 

of Fig. 5.2(a) was performed in vacuum; however, due to technical limitations, 
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transmission measurements for both photodoped cases were performed in air - leading to 

a reduced signal-to-noise which accounts for the large fluctuations in     . 

The dashed curves in Fig. 5.2 are the results of full wave 3D electromagnetic 

simulations where we model the resulting change in the transmission as a function of an 

increase in the -Si conductivity using the commercial FDTD solver CST Microwave 

Studio 2012. In simulation we define the -Si within the penetration depth,   = 85 m 

[130], as a Drude layer, described by Eqs. 5.2 and 5.3, with increasing    . Below the 

penetration depth the -Si is treated as a dielectric with a constant complex permittivity 

              . The photogenerated carrier density approached       cm-3 for the 

maximum fluence, in agreement with previous work [130]. The strong frequency 

dependence of the imaginary component of the dielectric permittivity within the 

photoexcited region results in high absorption at lower frequencies and minor attenuation 

above several THz. The qualitative agreement between the model and experimental 

measurements demonstrate that optically controlled broadband THz modulation is 

possible with the carrier lifetime in -Si being sufficient to allow for modulation beyond 

10 kHz switching speeds. 
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5.2. Experimental setup 

  

Figure 5.3 (a) Schematic of LED and THz optical layouts.  The THz beam (shown in 
gray) passes through the object and is imaged with the OAPMs onto a -Si wafer.  The 
collimated 980 nm wavelength optical beam (shown in red) reflects off the DMD surface 
and creates a spatial light pattern at the THz image plane.  (b) Photograph of a     S-
matrix mask pattern displayed on DMD; each mask pixel is 1.5 mm being constructed 
from tiling          DMD pixels. (c) Lock-in amplifier voltage output is displayed as 
a function of time in seconds for the 63 sequential S-matrix masks; the entire 
measurement takes approximately 2 s. Inset: reconstructed THz beam profile at image 
plane.  (d)  Zoom-in of time data shown in (c). Raw data from four consecutive S-matrix 
mask measurements are shown with the corresponding binary mask shown above; the 
averaged values used for reconstruction along with the standard deviation are shown on 
the right. 

A schematic of the THz imaging system is presented in Fig. 5.3(a) and consists of 

both an optical beam path (red lines) and a THz beam path (gray lines). As a broadband 

THz source we utilize a Hg-Arc lamp which emulates a 5500 K blackbody. The source is 

used in conjunction with a long-pass filter (LPF-065 from Lakeshore) that blocks 
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wavelengths shorter than 65 m ($>$ 4.6 THz). The THz imaging optics consist of two 

50.8 mm diameter 90° off-axis parabolic mirrors (OAPMs) each with an effective focal 

length of   =190.6 mm. The first OAPM is    from the source and back-illuminates the 

object a distance 150 mm away. The second OAPM, a distance 933 mm from the object, 

focuses the radiation and forms a conjugate image on the SLM 215 mm away. The 

system has an overall magnification of 0.23, mapping the 43.5 mm diameter object to 

approximately 10 mm at the SLM. An image was formed by placing a back illuminated 

patterned metal aperture (examples shown in Fig. 5.5) between the OAPMs so that a THz 

image (10 mm in diameter) was formed at the SLM plane. The THz image is transmitted 

through the -Si and focused using a 50.8 mm diameter TPX lens with   = 100 mm to the 

detector - a liquid-helium cooled silicon bolometer. The entire apparatus is enclosed and 

is purged by dry air at room temperature to reduce the THz absorption due to water 

vapor. 

An optical beam is used to spatially modulate the THz image and consists of a 2 

W multimode laser diode at a wavelength of 980 nm. An aspheric lens collimates the 

laser and a Galilean beam expander is used to produce a beam which slightly overfills the 

DMD. Light is reflected from the DMD in the blaze configuration (described below) and 

the spatially patterned optical beam is aligned to overlap with the THz image at the front 

surface of the -Si wafer achieving a maximum optical fluence of 250 mW/cm2. The 

DMD shown in Fig. 5.3(b) is utilized to spatially modulate the optical beam by 

configuring it as a blazed diffraction grating. Our DMD (DLP D4100-2XLVDS) has a 

window optimized for the transmission of NIR and          micro-mirrors (total area 

14.0 mm   10.5 mm), where each mirror has a pitch     = 13.68 m and behaves as a 
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binary reflector. By aligning the angle of incidence correctly, the majority of the energy 

can be directed into the "blazed" order [135]. The blazed condition for wavelength    is 

related to the grating pitch        √ , the diffraction order  , and the facet angle   

= 12° as shown in Eq. 5.4. The fourth blazed angle is centered at   = 984 nm with an 

efficiency of 47% [136]. 

 
   

 

 
      

(5.4) 

The DMD is computer controlled and able to change between frames up to a 

(software limited) time of 32 ms.  Binary bitmap files are loaded into the software to be 

displayed on the DMD; examples are shown in Fig. 5.3(d). The white portions represent 

light that was directed toward the -Si whereas black represents light that was directed 

away. This corresponds to white mask regions photodoping the -Si, i.e. modulating the 

THz transmission where black represents unmodulated regions. Since the DMD is 

designed for much shorter optical wavelengths, we may utilize several mirror pixels to 

function as a single THz-sized pixel for the S-matrix mask, thus permitting flexibility for 

both pixel count and pitch. We use S-matrix masks of varying complexity and change the 

pixel size accordingly to keep the overall mask area approximately equal. The THz image 

resolutions we investigated are summarized in Table 5.1 and the relation between 

physical size and DMD pixels is detailed. 

Table 5.1 Relationship between THz imaging resolution and DMD pixel sizes. 

Order (N) Resolution THz Pixel Size DMD Pixels / THz Pixel 
63     1.5 mm   1.5 mm 109  109 
255       698 mm   698 mm 51  51 
1023       328 mm   328 mm 24  24 
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Detection of the THz signal is performed with a lock-in detection technique. The 

laser diode power is modulated with a square wave at a frequency of 300 Hz, which in 

turn modulates the THz power detected. Output voltage from the Si-bolometer is input 

into a lock-in amplifier which provides the measured THz signal in Volts. Figs. 5.3(c,d) 

show the measured lock-in voltage as a function of time for several successive masks. 

The stabilization of the lock-in signal after switching between masks is close to 5 ms, 

with a SNR recorded for each measurement greater than 100; this is sufficient to allow us 

to acquire a THz measurement at the limits of the switching time of the DMD. We may 

estimate the total power of THz radiation used in our imaging apparatus since our 

bolometer has a calibrated responsivity of          V/W at 300 Hz. Our DMD may be 

configured to modulate all pixels on and off, from which we measure a lock-in signal of 

130 mV. Thus our THz image consists of a maximum modulated THz power of 96 nW 

over an integrated bandwidth from 0.2 - 4.6 THz. 

5.3. Experimental Results and Discussion 

Using the experimental apparatus shown in Fig. 5.3 we performed single pixel THz 

imaging of various scenes. All THz images are normalized by referencing to the beam 

profile with no object present. The flexibility afforded by our setup enabled us to image 

at many different mask resolutions and sizes without physically changing the system. Fig. 

5.3(c) shows the THz signal for 63 different S-matrix masks displayed over a period of 2 

s (each mask is displayed for approximately 32 ms). Fig. 5.3(d) shows zoomed-in raw 

data for consecutive S-matrix masks, with the corresponding binary mask shown above 

and the average value used for reconstruction shown in red on the right axis. The inset to 
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Fig. 5.3(c) shows a false color image of the THz beam profile at the image plane. The 

reconstruction was done using 63 measurements from the     S-matrix masks (pixel 

size 1.5 mm) with the total measurement time of approximately 2 s. It is clear from the 

data shown that quality THz images can be acquired in relatively short times. As stated, 

the current limitation on speed is software related resulting in mask modulation speed of 

approximately 31 Hz. However, the response time of the system to a change in mask is 

approximately 5 ms, resulting in a potential frame rate of 3 fps. 

 

Figure 5.4 Comparison of THz imaging with raster scan masks and S-matrix masks. (a,b) 
Show the metallic aperture used as the object and the conjugate optical image on the -Si 
wafer. (c) Spatial map of the THz power density shown for the reference beam profile 
with contour plots showing the intensity drop in dB. (d) - (f) Shows raster-scan images 
for increasing mask complexity. (g) - (i) Shows Hadamard reconstructed images of the 
same size and complexity as the raster scan measurements to the immediate left.  

In order to compare our imaging system to more conventional schemes, we 

perform both raster scan and Hadamard imaging and highlight differences between the 
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two methods - see Fig. 5.4. S-matrix masks consist of roughly 50% light throughput and 

it has been demonstrated that using masks created from an     S-matrix can increase 

SNR by a factor of    

 √ 
 

√ 

 
 over raster scan imaging with the same resolution and pixel 

size [127]. Figs. 5.4(a,b) shows both the metallic aperture used as an object and an optical 

photograph of the conjugate image at the front surface of the -Si wafer. Figs. 5.4(d-f) 

shows raster-scan images acquired with increasing resolution and constructed from 63, 

255, and 1023 measurements respectively. The last column in Fig. 5.4(g-i) shows 

Hadamard reconstructions with the same number of measurements and resolution as the 

raster scan images. While the image quality in the case of     pixel resolution is 

comparable between the two techniques, the rapid decrease in image quality for the raster 

scan images at higher resolutions is apparent - see Fig. 5.4(f). In contrast, the image 

quality is retained for increasing pixel count in the multiplexing case. 

To better understand why the signal depreciated significantly for increasing pixel 

complexity in the case of the raster scan we investigated the measured power for each 

respective mask type. We calculate the spatial dependence of the power density 

(nW/mm2) by taking the total measured THz power (96 nW) and extracting the THz 

power density per pixel    from the measured       beam profile intensity as defined 

by 

 
   

     

         
 

  

∑   
   
   

 
(5.5) 

where    is the reconstructed signal from pixel i. In Fig. 5.4(c) we show a high quality 

image of the power density - sufficient to observe optical aberrations resulting from the 

use of OAPMs which result in an asymmetric distribution of THz power about the 
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horizontal axis. The power/pixel decreases for increasing resolution since the pixel size is 

reduced - in our case from 1.5 mm to 698 m to 328 m. The peak power density 

calculated in Eq. 5.5 is 2.5 nW/mm2 near the center of the beam. This corresponds to a 

total of 5.6 nW of measured power for the 1.5 mm size pixel and 0.27 nW for the 328 m 

pixel, a 95% reduction of measured power proportional to the decrease in pixel area. As 

shown in Fig. 5.4(c), the power density is -9 dB lower towards the outer diameter of the 

images and approaches values as low as 50 pW of THz power for 328 m sized pixels - 

still well above the bolometer's specified noise-equivalent-power (NEP) of            

W/√  . The raster scan is unable to compensate for the loss in measured signal for each 

pixel due to decreasing pixel dimension. In the Hadamard case, although the signal per 

pixel also drops due to decreasing pixel size, the increase in sampled pixels for each data 

acquisition offsets the reduction in signal. Consequently, the higher resolution image 

offers more information without sacrificing SNR. The improvement in the image quality 

for increasing pixel complexity is evident and allows for the aberrations of the THz 

image resulting from the OAPMs to be rendered. 

In order to explore our imaging technique for possible use in screening 

applications, in Fig. 5.5 we show various examples of high-fidelity THz images. The top 

row displays photographs of all the objects imaged: crosses with 8 mm and 4.5 mm wide 

arms at the object plane (Fig. 5.5(a,b)) and two razor blades imaged in manila envelopes 

(Fig. 5.5(c,d)).  As stated above, we can program the S-matrix masks to allow for several 

different functions and mask complexities. We achieved high resolution images 

containing       pixels with each mask pixel measuring 328 m across; this was 

acquired with 1023 sequential measurements. The reconstructed THz images are shown 



 

72 
 

in Fig. 5.5(e-h). Due to the magnification of the system, the crosses are imaged down to 

have 2.5 mm and 1.5 mm wide arms, respectively. The minimum feature size of the 

images that we can resolve for these crosses is limited according to the Rayleigh 

Criterion with a diffraction limited spot size of approximately 1.4 mm at 1 THz. The 

razor blades are placed within manila envelopes and are, obviously, not visible in the 

optical, however are clearly identified in the THz images, demonstrating the potential for 

THz imaging to be used in security applications. 

 

Figure 5.5 THz imaging with high-resolution S-matrix masks (      pixels with each 
pixel measuring 328 m on a side). (a,b) Show metallic apertures used as the object of 
two differently sized crosses, with arm widths of approximately  8 mm and 4.5 mm in the 
object plane mapping to 2.5 mm and 1.5 mm on the image plane. (c,d) Two different 
types of metal razor blades that were placed in manila envelopes for imaging.  (e) - (h) 
Shows the THz images of the corresponding objects shown immediately above. 

5.4. Metamaterial SLMs 

Results presented in Figs. 5.4, 5.5 demonstrate the ability to perform THz imaging using 

a single pixel detector. For many potential applications it would be desirable to obtain 

spectral information, rather than integrating across a portion of the THz range. As 

discussed in the introduction, metamaterials have shown an ability to modulate THz 

electromagnetic radiation with demonstrated advantages over conventional materials, 
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including spectral selectivity, amplitude modulation [59], and phase modulation [66]. We 

computationally explore a metamaterial based SLM which is optically controlled - 

schematically shown Fig.~\ref{Fig. 6}(a). Our metamaterial SLM is modeled similar to 

that for the -Si and we add a complimentary electric split ring resonator [33] to the top 

of the substrate. The optically excited charge carriers shunt the resonant response of the 

metamaterial (See Fig. 5.6(c)), effectively modulating the transmission at the operational 

frequency. The metamaterial has been designed to yield a band-pass response centered at 

1 THz and achieves a simulated modulation depth of 67% for a maximum fluence of 1 

W/cm2 - see Fig. 5.6(b). 

 

Figure 5.6 Optically reconfigurable THz masks with metamaterials.  (a) Schematic 
showing optical pump beam overlapped with THz incident onto complimentary electric 
split ring resonators (cESRRs) where the photoexcited carriers in Si underneath 
metamaterial dynamically tune the EM response of the MM. (b) Simulation showing the 
modulation in THz transmission as a function of carrier excitation. (c) Simulated current 
density in the cESRR and the electric field magnitude plotted in plane for the case of 
maximum transmission at 1 THz. 

The advantage in THz imaging provided by adding resonant metamaterials, as 

demonstrated in Fig. 5.6, is an increase in modulation depth at selected frequencies over 

bare silicon (67% as compared to 37\% at 1 THz). The modulation depth could be further 

improved by optimizing the geometry of -Si within the metamaterial unit cell, as well as 
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the photodoping wavelength - both of which could potentially maximize the carrier 

density closer to the surface. Obtaining spectral information with conventional 

instruments can be challenging, requiring complex high cost equipment and 

instrumentation with significantly limited acquisition speeds [137]. By arranging the 

pixels of metamaterial arrays to have uniquely designed operating frequencies we can 

create multi-color SLMs that could be used to perform high speed THz spectral imaging 

offering significant improvement over current systems. 

In conclusion, we have performed high fidelity THz single pixel imaging and 

various scenes have been rendered. An optically controlled spatial light modulator was 

implemented through photodoping in high resistivity silicon and controlled by a DMD. 

We use S-matrix masks of varying resolution ranging from 63 to 1023 pixels and were 

able to obtain THz images as fast as one per two seconds. We directly compared 

Hadamard imaging to the raster-scan technique and highlighted the advantages of the 

multiplexing method. At THz frequencies dynamically reconfigurable semiconducting 

device technology provides significant advantages over traditional masks due to the 

benefit of adaptability and real-time control. This work demonstrates a new path for 

construction of THz imaging systems. Future work will realize real time imaging of more 

complex scenes as well as incorporating metamaterials to add additional functionalities 

applicable to sensing, imaging, and dynamic scene projectors. 
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CHAPTER 6 

6. Microwave Metamaterial Detector Focal Plane Array 

Microwave imaging systems working between 8-30 GHz have been used for decades in 

remote sensing and radio astronomy [138,139]. Common designs are often notably 

massive and bulky, employing mechanical positioning stages (to raster scan a single pixel 

across an image plane to build up an image), or using an array of efficient but very 

substantial elements, such as horn antennas [140]. Though the greatest gains in 

performance come from increasing the aperture, if compactness, mobility or 

inconspicuousness are desirable, one would like to have an imaging system that 

maximizes the performance and minimizes the weight and bulk at a given aperture size. 

With pixel spacing on the order of the diffraction limited spot size         (where    is 

the wavelength of the radiation at the imaging frequency), the focal plane can be 

adequately sampled and all available information acquired. However, such dense spacing 

is at odds with pixel channel independence. Minimizing cross-talk between detector 

pixels can require spacings that result in poor resolution and sparse spatial sampling of 

the image [141-143]. Achieving a high detected-to-incident power efficiency is another 

key aspect to consider in order to improve the sensitivity. Ideally, one would like to 

transfer all power to the detector that is incident within the boundaries of a pixel. In all 

examples to-date there are trade-offs between power efficiency and pixel independence 

[144,145]. We believe that resonators developed in the metamaterial community can 

offer different and potentially superior options for pixel density, channel independence 

and power efficiency. 
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Here we present a metamaterial absorber (MMA) that operates as a detector of 

microwave radiation [146]. Each MMA unit cell functions as an individual antenna 

coupled detector and, collectively, as a focal plane array (FPA). The metamaterial unit 

cell converts the incident microwave radiation into electric currents, which are guided to 

a dedicated receiver chain and finally detected with a power detector to produce DC 

voltage linearly proportional to the signal. All metamaterial elements and receiver system 

components can be integrated into a single printed circuit board (PCB). 

6.1. Design and fabrication 

One key design feature afforded by metamaterials is the ability to engineer materials for 

matching the impedance of the MMA to that of free space. The resonant nature of the 

MMA structures generates high electric fields in the gap, completely dissipating the 

incident energy into a combination of dielectric and ohmic losses [38,39]. However, here 

we modify the MMA design in order to instead transfer the incident energy into a 

detector circuit. We have utilized the highly absorbing capability of the MMA to fashion 

a focal plane array by letting each individual unit cell serve as an array elements. 
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Figure 6.1 (a) System architecture of our metamaterial microwave power detector array. 
(a) Radiation is incident from port 1 with electric field polarization as depicted. A 
schematic of the full device is shown (exploded view) and the layers shown from top to 
bottom are: the ELC, Rogers dielectric spacer, patterned ground plane, and microwave 
power receiver circuit. (b) Photo of an individual pixel, i.e. an ELC unit cell with 
dimensions of a = 27.3, l = 24, w = 3.5, and g = 4; all in millimeters. (c) Photo of the 
circuit layer with vias indicated. The vias transport the received signal (port 3) to the 
microwave power receiver circuit underneath each unit cell where the different 
highlighted regions are: (I) balun, (II) impedance matching circuit, (III) low noise 
amplifier, and IV) microwave power detector. 

The microwave FPA presented here consists of metamaterial unit cells arranged 

on a square lattice of 11 by 11 elements. The entire detector system architecture -- all 

contained within the footprint of each unit cell -- consists of the metamaterial absorber 

followed by a balun, impedance matching circuit, low noise amplifier (LNA) and a 

microwave power detector. The FPA has been implemented in a twelve layer commercial 

PCB process fabricated and assembled by Hughes circuits, including four metal layers 
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and vias, see Fig. 6.1. The device is constructed from a 30.5 m copper layer which 

constitutes the electrically coupled LC (ELC) resonators [23,24], followed by a patterned 

ground plane, power routing plane, and the circuit layer -- where the ELC and ground 

plane are separated by Rogers 4003 dielectric with a 4.88 mm thickness. Microwave 

radiation received by the metamaterial perfect absorber is transferred by the 0.5 mm 

diameter vias to the circuit layer where a balun is used to transform the balanced signal to 

an unbalanced signal. The signal is then fed into the impedance matching circuit which 

not only maximizes the signal power, but also serves to compensate for variances in the 

MPA resonance frequency -- due to imperfections in the fabrication process. Finally the 

signal is amplified by the LNA before being converted to a DC signal by the microwave 

power detector. 

  We simulate the design of the entire detector array using commercial 3D 

electromagnetic simulation software CST's Microwave Studio 2011. The ports, (shown 

schematically in Fig. 6.1), are used to investigate the transfer of electromagnetic energy 

in the device and consist of waveguide ports (port 1 and 2), and a discrete port (port 3). 

The discrete port is a lumped circuit element that connects the vias to one another with a 

defined impedance set equal to 100 , which is equivalent to the input impedance of the 

balun. The metamaterial was configured to maximize the transfer of energy into port 3, 

i.e. S31, while at the same time minimize both the free space reflection coefficient (S11) 

and reflection coefficient (S33) at 2.0 GHz. In order to achieve this goal we tuned the 

dimensions of the MMA; consisting of the ELC geometry, thickness of the Rogers 4003 

( ̃                     ) dielectric spacer, and the opening in the ground plane. 

The final dimensions of the ELC resonator are shown in Fig. 6.1(b) with parameters as 
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labeled. The dimensions of the cross shaped opening in the ground plane, (Fig. 6.1(c)), 

were optimized to minimize the coupling between the vias and ground plane, as well as 

tune the MMA's effective magnetic response. The ground plane also helps to shield any 

undesirable coupling effects between the circuit components and the electromagnetic 

metamaterial performance. 

 

Figure 6.2 Numerical simulations of metamaterial absorber. (a) Simulated results of the 
free space reflection (S11 dashed blue curve), transmission (S31 green curve), and 
reflection coefficient (S33 red curve).  Simulated current densities (b) and electric field 
magnitude (c) shown directly underneath the ELC (left) and above the ground plane 
(right) at the simulated design frequency of 2.0 GHz. 

The simulated scattering parameters are shown in Fig. 6.2(a) and demonstrates 

that a maximum in transmission corresponds with the minima of both reflection 



 

80 
 

coefficients S11 and S33 at 2.0 GHz. As mentioned, the MMA design typically utilizes the 

dielectric and ohmic losses within the constituent components in order to achieve a 

minimum in S11. In contrast, the design presented here achieves S31= 0.986, indicating 

that over 97% of the incident intensity is transmitted into the detector circuit. In Fig. 

6.2(b) we plot the surface current density at resonance and find that our MMA achieves a 

response similar to prior designs [23]. Fig. 6.2(c) shows the magnitude of the electric 

field and, as can be observed, the electric field is focused into the ELC split gap (right 

panel) and the vias are sufficiently decoupled from the ground plane. 

Although simulations presented above indicate that a high performance MMA 

unit cell may be used as a detector of incident radiation, tolerances in both the component 

values and the geometry can occur in the fabrication process and may thus alter the ideal 

electromagnetic response. Characterization of S11 is not possible with our experimental 

setup. However, simulations presented in Fig. 6.2(a) indicate that S33 is a reasonable 

approximation of S11. Thus we measure S33 in order to investigate the resonant properties 

of the fabricated MMA, shown as the red curve in Fig. 6.3(a). We observe a high 

reflection coefficient across the range investigated but notably minima occur at 2.5 and 

3.15 GHz, with values of -33 dB and -29 dB, respectively. The simulated minimum in S33 

occurring at 2.0 GHz has shifted to 2.5 GHz, which we attribute to the variation in the 

fabrication from the simulated design. 

Our metamaterial focal plane array exhibited several undesirable deviations from 

the designed values during commercial fabrication. We characterized various parameters 

of our device and found errors that include: layer thickness, via dimensions, layer 

alignment (registration), balun impedance, and dielectric values. These variances result in 
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a reduction of ideal electromagnetic performance which leads to an impedance mismatch 

between the metamaterial unit cell and the 50  input circuit modules. Overall, this 

results in diminished reception of electromagnetic energy due to increased reflection 

between the metamaterial and detector circuit. We anticipated various fabrication errors 

and therefore, in the design process, preemptively added a reconfigurable element to tune 

the impedance of the circuit layer after the metamaterial unit cell. Thus an impedance 

matching circuit directly following the balun compensates for MMA variances and tunes 

the strength and frequency of the resonance at the selected operating frequency. Due to 

the hardware and component limitations we decided to operate at 2.5 GHz, as opposed to 

the simulated 2.0 GHz operational frequency. 

6.2. Results and discussion 

Free space measurements of the center pixel were performed within an anechoic 

chamber. We use a HP 8510B vector network analyzer (VNA) with a double ridge guide 

horn antenna (700 MHz - 18 GHz range) as a transmitter. The horn was connected to a 

port of the VNA which provided a power level of -3 dBm. Another port of the VNA was 

directly connected following the unbalanced signal output of the balun on the center 

single pixel of the MMA / FPA. The resulting S-parameters measured were for only this 

center pixel with all neighboring unit cells having 50  terminations following their 

respective balun output connections. The MMA / FPA was placed 1.75 m away from the 

horn antenna to be in the far field of the horn's radiating field pattern. In Fig. 6.3(a), the 

green S31 curve shows a peak about 2.5 GHz overlapping with the minimum observed in 

S33. 
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Figure 6.3 Experimental measurements in anechoic chamber for the center pixel on the 
MMA / FPA. (a) S- parameter data shows the reflection coefficient (S33 red curve) and 
the transmission (S31 green curve) with the dashed grey line at 2.5 GHz the frequency for 
sensitivity and off-angle measurements. (b) Mutual coupling (MC) between neighboring 
metamaterial pixels located parallel (gold curve), perpendicular (blue curve), and 
diagonal (grey curve) with respect to the electric field polarization. (c) Sensitivity 
characterization with the output of microwave power detector of single pixel as function 
of incident power, and is sensitive as indicated by dashed red line down to -77 dBm at 2.5 
GHz. 

The gold curve in Fig. 6.3(b) displays the measured mutual coupling (MC) 

between neighboring unit cells parallel to the electric field direction. At 2.5 GHz the MC 
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was measured to be below -14 dB. We have also measured the MC in the perpendicular 

and diagonal neighboring cells and values below -15 dB were found. Values of MC are 

significantly low, especially considering the proximity of nearest neighbors at a lattice 

spacing of /4.4 (27.3 mm) and with edge separation of /40 (3.0 mm). In addition to the 

clear benefit toward imaging [141-143], reducing MC is of particular importance for 

multiple input multiple output (MIMO) communication systems that suffer reduction in 

channel capacity due to these affects [147,148]. 

We used a separate board to implement the impedance matching circuit and low-

noise amplifier (LNA) (Board 2) and another board (Board 3) for the microwave power 

detector. We connected the output of Port 3 with a UMCC connector to Board 2 as shown 

schematically in Fig. 6.4. After the signal propagates through the impedance matching 

network and LNA, it passes through a SMA connector, which we call Port 4. We use the 

ADL5523 LNA made by Analog Device which provides a gain of approximately 15 dB 

at 2.5 GHz. In Fig. 6.5, the gold S41 curve shows over a 15 dB improvement of S31 at 2.5 

GHz as a result of having an impedance matching circuit followed by the LNA. The 

microwave power detector converts the microwave output signal from port 4 into a DC 

voltage and is implemented using a monolithic LT5534 made by Linear Technology. The 

LT5534 has a 50MHz to 3GHz detected bandwidth and is capable of measuring 

microwave signals with over a 60dB dynamic range with a linear DC output with respect 

to signal amplitude in decibel scale. 
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Figure 6.4 System architecture consists of three boards with board 1 which containing 
the metamaterial connecting through the vias, traces and balun out through an 
ultraminiature coax connector (UMCC) designated as port 3. The UMCC cable connects 
to board 2 containing both the impedance matching circuit and low noise amplifier 
(LNA) with output labeled as port 4. The third board consists of only the microwave 
power detector providing a DC voltage output signal. 

 

Figure 6.5 S-parameter data shows the transmission without (S31 blue curve) and with 
(S41 gold curve) the addition of the impedance matching and low noise amplifier (LNA) 
with the dashed grey line at 2.5 GHz the frequency for sensitivity and off-angle 
measurements. 
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Figure 6.6 Off-angle performance characterization of the MMA / FPA at 2.5 GHz for 
both the electric field vector perpendicular (TE) and parallel (TM) to the floor of the 
chamber. The ELC resonator's are rotated between the correct polarization (E-field 
perpendicular the split gap) and the cross polarization (E-field parallel to the gap). 

We now turn toward characterization of the sensitivity and angular dependence of 

the MMA / FPA. A microwave source was fixed to operate at 2.5 GHz and fed to the 

horn antenna. The DC voltage output from the MMA / FPA was recorded as the horn 

power was swept from -50 dBm to +20 dBm as shown in Fig. 6.3(c). We determine an 

ultimate pixel sensitivity of -77 dBm, corresponding to a radiation power density of 27 

nW/m2, after calibrating for cable and free space losses. Fig. 6.6 shows the resulting off-

angle performance characterization of the MMA / FPA at 2.5 GHz for both transverse 

electric (TE) and transverse magnetic (TM) polarizations. However it should be noted 

that our metamaterial does not possess 90° rotational symmetry and thus we characterized 

TE and TM for both the “correct” polarization -- as shown in Fig. 6.1(a) -- the cross 

polarization to this. The measurement results demonstrate that the MMA / FPA operates 

as a wide angle antenna. This is consistent with the off-angle absorption performance 

typical to MMAs [42]. Both TE and TM cross-polarized angular dependent 
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measurements are at minimum of 20dB lower that the co-polarized measurements. Thus 

the presented MMA / FPA may be used for polarization discrimination imaging. 

In conclusion, the characterization of our metamaterial absorber focal plane array 

was demonstrated to operate at 2.5 GHz and have high pixel sensitivity of -77 dBm, with 

low pixel to pixel coupling interference below -14 dB, good frequency selectivity and 

wide angular performance. We note that the FPA is not restricted to the frequency 

applied in this work but could prove useful at higher frequency operation from 

microwave to millimeter wave. Even more generally, the MMA due to its ability to 

capture nearly all of the incident electromagnetic energy at design frequencies across the 

entire electromagnetic spectrum could serve as an excellent candidate to act as detector 

pixels when implemented into bolometric or semiconducting configurations. The sub-

wavelength unit cell and narrow resonant spectral bandwidth can also be expanded to 

enable multi-color and co- and cross-polarized pixels. 
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CHAPTER 7 

7.  Conclusions and future direction 

Metamaterials are in the process of changing the landscape for discovery and innovation 

within a wide scape of applications across the electromagnetic spectrum. The work that is 

presented here hopes to illuminate several different paths in which this field can be 

applied and contribute to the development of terahertz (THz) technology. Creating 

materials and integrating them into actual devices, including spatial light modulators 

(SLMs) and detector arrays, are areas where an immediate impact can be felt.   

We have utilized several different paths to achieve dynamic control of several 

types of THz metamaterials. We have experimentally demonstrated direct THz 

modulation at speeds up to 10 MHz using integrated high electron mobility transistors 

(HEMTs) within the metamaterial unit cell. We have created electronic tunable 

metamaterial absorbers (MMAs) with an experimental measured modulation depth of 

70%. Further we have designed, both through electronic and optical, means to control a 

THz SLM in order to demonstrate single pixel THz imaging.  In addition to the presented 

work, several related works that are currently being performed are briefly discussed. 

7.1. THz compressive sensing 

By packing the 8x8 pixel array THz MMA-SLM with a printed circuit board (PCB) 

which is interconnected to a field programmable gate array (FPGA) with 64 independent 

programmable channels, we are able to efficiently program spatial masks for multiplex 

imaging in a reflection based scheme as compared to the transmission scheme presented 

in Chapter 5, shown schematically in Fig. 7.1(a). This imaging system is capable of 
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displaying a variety of different masks, which allow for compressive imaging approaches 

to be demonstrated. Pushing the size of the SLM to higher pixel counts will be necessary 

to further demonstrate the advantages inherit to these multiplex techniques. In Fig. 7.1(b) 

a next generation design of a 128x128 pixel THz MMA-SLM is displayed where a read 

out integrated circuit (ROIC) provides dynamic control of the larger array size.  

 

Figure 7.1 Next generation terahertz imaging system utilizing metamaterial spatial light 
modulator (SLM). (a) Reflection based setup where image formed on metamaterial 
absorber (MMA) SLM and is spatially multiplexed enabling single pixel detector to be 
used for THz imaging. (b) Next generation device will allow for high pixel count, with 
reduced pixel dimensions allowing for nearly 100% filling fraction.  

Still necessary are the optimization of several key parameters, for example, moving 

to a complimentary resonant structure to allow for improved efficiency of the depletion 

of the doped epitaxial layer and increased tuning in the resonant absorption. Additionally, 

smaller overall pixel dimensions are possible with higher filling fractions of active 

metamaterial elements per pixel. Several candidate materials may offer further 

improvement in the performance as well the complexity and cost required to fabricate 

these structures. These materials include liquid crystals, ferroelectrics, graphene, HEMTs, 

and phase change materials such as vanadium oxide. 
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7.2. Bolometric imaging 

Metamaterial absorbers offer several advantages over other types of absorbing media, 

specifically with regards to the relative thickness of the absorbing structure. Metamaterial 

absorbers can extinguish the incident radiation over a distance over two orders of 

magnitude smaller than the wavelength. This could offer potential benefits for the design 

of detector elements whose performance is hindered by such things as thermal 

capacitance in bolometric detection and carrier transit length in photodetectors. 

Commercially available room-temperature THz microbolometer cameras typically rely 

on scaled versions of their infrared counterparts, with the addition of increased costs and 

sensitivity thresholds which require high power illumination.  

 

Figure 7.2 Metamaterial absorber (MMA) pixel array used for bolometric mm-wave to 
infrared (IR) imaging. (a) Schematic of proposed imaging system where mm-wave image 
is formed on MMA pixel array with a commercial IR camera detecting the thermal 
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temperature increase formed by the image. (b) Schematic of MMA pixel array. (c) 
Experimental measured IR image from an incident mm-wave beam.  

 We are currently studying a bolometric imager using a MMA pixel array to 

absorb mm-wave radiation. The geometry and material properties are sufficient to 

increase the effective temperature of the pixels by several degrees which are imaged by a 

room-temperature forward looking infrared (FLIR) microbolometer camera [See Fig. 

7.2(a)]. In Fig. 7.2(b) a schematic of the MMA pixel array features absorber pixels 

capable of absorbing nearly all of the incident power into pixels where each pixel is on 

the order of the wavelength and the thickness is close to two orders of magnitude smaller 

than the wavelength. Preliminary experimental results shown in Fig. 7.2(c) demonstrate 

the capability to image the thermal signature resulting from incident mm-wave radiation 

which is roughly focused onto a single pixel of the MMA pixel array. Currently, we are 

further reducing the pixel pitch, improving thermal isolation to reduce thermal crosstalk, 

and reducing the total thickness to further reduce the thermal capacitance and increase the 

sensitivity per pixel.  
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