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Abstract
The overarching problem addressed in this dissertation is the restricted number of devices

that operate in the millimeter wave, terahertz, and infrared regimes using conventional ma-

terials. Devices designed for operation at these wavelengths are incredibly valuable across

various applications such as material characterization, imaging technologies, and commu-

nication systems. However, the scarcity of devices is attributed, in part, to the limited

availability of naturally occurring materials that can operate in these ranges. Therefore,

there is an exciting opportunity to tailor electromagnetic metamaterials for millimeter

wave, terahertz, and infrared manipulation.

Electromagnetic metamaterials have been shown to enable unique scattering effects

leading to advancements in next-generation devices. One important feature of metama-

terials is the ability to tune the geometry and engineer the scattered response for nearly

any range of the electromagnetic spectrum. Therefore, the exploration and development of

advanced electromagnetic metamaterials for use in millimeter wave, terahertz, and infrared

regimes is of great importance.

Chapter 1 provides a discussion on the importance of millimeter wave, terahertz, and

infrared radiation. In addition, this chapter provides an introduction to electromagnetic

metamaterials. Chapters 2 and 3 discuss two metamaterials designed for operation at

millimeter wavelengths. In Chapter 2, a metamaterial coherent detector is presented and

in Chapter 3, a metamaterial gradient index lens is introduced.

Several metamaterials for operation in the terahertz range are studied and discussed in

Chapter 4, 5, and 6. In Chapter 4, exotic physics is studied and results in the excitation

of high-quality factor modes. Chapter 5 introduces an electromagnetic absorber for radio-

metric calibration applications. Lastly, Chapter 6 presents a metamaterial strain sensor.

A reflective and transmissive metamaterial diffuser is studied in Chapter 7 for use in the

infrared regime. An in-depth discussion on the fabrication of all presented metamaterials is

included in Chapter 8. Finally, a summary of all presented works and concluding thoughts

is included in Chapter 9.
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1. Introduction
Creating devices for operation in the millimeter wave (mmWave), terahertz (THz), and

infrared (IR) regimes is crucial due to the diverse applications promoted by these spe-

cific spectral ranges. These applications span a wide variety of fields, including but

not limited to material characterization, communication systems, and innovative imaging

technologies.[1, 2, 3, 4] However, it is challenging to create devices within these spectral

ranges. There is a scarcity of suitable materials that can effectively function at these

frequencies, thereby restricting technological development. In an effort to overcome this

limitation, exploration of novel materials is required. One emerging field of research in-

cludes engineered electromagnetic metamaterials. By employing metamaterials, one can

design and create tailored responses for use in mmWave, THz, and IR, ranges. Custom elec-

tromagnetic materials expand technological possibilities for operation at these frequencies

and present an exciting field of research.

1.1 Electromagnetic Radiation
1.1.0.1 Mid-IR Radiation

The infrared regime lies between the visible and radar wavelengths, covering a broad

range from 300 GHz - 400 THz (� = 0.75 µm - 1 mm). This region is typically partitioned

into three categories: near-IR, mid-IR, and far-IR range.[5] One intriguing segment is the

mid-IR range spanning 20 - 120 THz (� = 2.5 µm - 15 µm). Devices tailored for operation

within this specific range of the electromagnetic spectrum hold tremendous value. Referred

to as the “thermal infrared”, this segment is vital for detecting thermal radiation emitted

by objects. The ability to capture and visualize temperature variations is indispensable and

applicable to diverse fields. Examples include agricultural observations, search and rescue

operations, and infectious disease monitoring, as evidenced by various studies.[6, 7, 8, 9, 10]

Moreover, the mid-IR range is a key domain for infrared spectroscopy and is recognized

as a powerful and versatile analytical technique.[11] Within this range, a wide variety of

molecular vibrations enable the effective identification of chemical compounds. [12] The

1



analytical capabilities extend to disparate applications, such as disease diagnostics and

soil analysis. [13, 14] Therefore, the continuous development and enhancement of devices

operating within the thermal infrared region is beneficial to a myriad of disciplines.

1.1.0.2 THz Radiation

The terahertz regime is defined as the portion of the electromagnetic spectrum that

lies in between the microwave and infrared range and has a frequency from 0.1 to 10 THz

(� = 0.03 - 0.3 mm).[15] This type of radiation is non-ionizing and can penetrate many

materials such as polymers, clothing, paper, and some biological tissue[16, 17, 18, 19]. This

makes THz radiation a good candidate for security or medical imaging as well as biological

sensing.[20, 21, 22, 23] Similar to the infrared regime, many vibrational modes reside in the

THz range, proving to be a valuable tool in material or biological characterization.[24, 25,

26] While there lies great potential for THz devices, there remains a significant challenge

in its practical implementation. This has in turn sparked innovative research initiatives to

unlock the full potential of THz technology.[27, 28]

1.1.0.3 mmWave Radiation

Millimeter wave radiation spans from 300 to 30 GHz (� = 1 - 10 mm) and falls within

the microwave and terahertz regions of the electromagnetic spectrum. Similar to the THz

regime, this particular range has recently gained attention due to its non-ionizing nature,

thereby enabling safe imaging technologies for personnel screening.[29, 30] In addition,

this type of radiation possesses very low attenuation in clouds, fog, smoke, snow, and

sandstorms in comparison to visible and IR radiation.[31, 32] This feature makes this

particular range increasingly valuable in imaging conditions with low visibility on land,

during flight, and over bodies of water.[33] In addition to imaging applications, mmWave

radiation has also sparked interest in use for high data rate communication systems.[34] Due

to the considerable potential bandwidth associated with mmWave radiation, stationary

and mobile network systems have sparked creative research efforts.[35, 36] Despite the

unique advantages associated with mmWave radiation, there are still a limited number of
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technologies that operate within this regime. Therefore, there is a clear demand to create

novel technologies for operation within the mmWave regime.

1.2 Electromagnetic Metamaterials

Electromagnetic metamaterials have emerged as a remarkable area of research and de-

velopment. Metamaterials are engineered structures that can be designed to possess unique

electromagnetic effects that do not exist in nature.[37, 38, 39] Unlike conventional materi-

als in which the electromagnetic properties are derived from the intrinsic characteristics of

the material, metamaterials utilize engineered artificial structures known as meta-atoms or

unit cells. The geometric structure of the unit cell controls the electromagnetic response

and can be engineered to respond to incident radiation in a multitude of ways.[40, 41, 42]

Typically, metamaterials consist of a periodic array of a unit cell structure that is much

smaller than the operating wavelength (< �=10). Since metamaterials are subwavelength,

incident radiation interacts with them as an effective medium instead of responding to

individual elements within the array. The optical constants (such as �eff and �eff ) are

therefore dependent on the geometry of the unit cell rather than the properties of the

inherent material.[43] This feature offers electromagnetic responses that are unattainable

in naturally occurring materials.

Further, since the response is based on the geometry of the unit cell, this allows scaling

of the unit cell structure for the operation of much of the electromagnetic spectrum, known

as electrodynamic similitude.[44, 45, 46, 47] Meaning that electromagnetic metamaterials

can be specifically engineered to possess unprecedented control over electromagnetic waves

within the mmWave, THz, and IR regimes. Electromagnetic metamaterials have had a

transformative impact and resulted in revolutionary technologies such as invisibility cloak-

ing, super-resolution lenses, and beam steering, for example. [48, 49, 50] The untapped

potential of electromagnetic metamaterials continues to present numerous opportunities,

thereby underscoring the need for further advancements in this field.
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2. mmWave Metamaterial Coherent Detector
2.1 Introduction

Millimeter wave radiation (mmWave) has ignited innovative research efforts to create

devices for operation between 1 to 10 mm (300 to 30 GHz). This particular band has the

potential to revolutionize technologies in a variety of sectors such as radar [51], communi-

cations [52], and defense [29]. mmWaves can travel undisturbed through fabrics, and as

such, paves the way for sophisticated and versatile imaging systems.[18] While mmWave

imaging has tremendous potential, several optical challenges arise when operating at these

wavelengths. To achieve high-resolution images, very large lenses and receiver arrays are a

necessity that results in bulky apparatuses in classic optical configurations.[53] Therefore,

creating compact mmWave focal plane array-based imaging systems proves challenging and

requires new approaches to tackle this problem. To address limitations in non-conventional

imaging systems, metamaterials, have recently emerged as a leading candidate.[54, 55, 56]

In this work, we experimentally demonstrate coherent detection of mmWave radiation with

a metal-based metamaterial absorber and pyroelectric material. The absorption, and there-

fore sudden temperature change, generates a spontaneous and measurable current in the

pyroelectric detector. We demonstrate frequency, phase, and power-dependent absorption

at 91.5 GHz with a maximum detected pyroelectric current of 175 pA.

Forward

Backward

Figure 2.1: Conceptual schematic of the MCD.
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2.2 Design and Simulation
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Figure 2.2: Simulated results demonstrating the frequency, phase, and power-sensitive
MCD. (a) Rendered schematic of the unit cell geometry comprised of two identical pat-
terned Babinet metamaterial layers on both sides of a pyroelectric thin film. (b,c) Simula-
tion of the power loss density for out-of-phase excitation at the resonance frequency. (d)
Frequency-dependent absorption is shown for out-of-phase (red) and in-phase (gray) radia-
tion. (e) Normalized phase-sensitive absorption for varying, uneven port power excitation.
(f) Image of the coherent detector with 19 � 19 unit cell elements and four contact pads
for electrical readout. (g, h) Optical microscopy images of the metamaterial pattern.

The MCD consists of a 50 �m film of lithium tantalate (LiTaO3) layered in between

two identical patterned gold Babinet metamaterial layers.[57] To achieve the maximum ab-

sorptive state, the detector must have radiation on either side of the MCD. The radiation

should have a relative phase difference of ∆� = 180° and have a balance in the incident

power, as shown conceptually in Figure 2.1. As the absorbed radiation dissipates as heat,

this sudden temperature change generates a spontaneous polarization within the pyroelec-

tric crystal structure. The generated pyroelectric voltage results in accumulated charges

on the conductive metamaterial surface, thereby enabling direct readout of the generated

signal.

The metamaterial unit-cell design and geometric parameters are shown in Figure 2.2a
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